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ABSTRACT: A detailed chemical kinetic model for ethanol oxidation has been developed and
validated against a variety of experimental data sets. Laminar flame speed data (obtained
from a constant volume bomb and counterflow twin-flame), ignition delay data behind a
reflected shock wave, and ethanol oxidation product profiles from a jet-stirred and turbulent
flow reactor were used in this computational study. Good agreement was found in modeling
of the data sets obtained from the five different experimental systems. The computational
results show that high temperature ethanol oxidation exhibits strong sensitivity to the fall-off
kinetics of ethanol decomposition, branching ratio selection for C,H;OH + OH <> Products,
and reactions involving the hydroperoxyl (HO,) radical.

The multichanneled ethanol decomposition process is analyzed by RRKM/Master Equation
theory, and the results are compared with those obtained from earlier studies. The ten-param-
eter Troe form is used to define the C,H;OH(+M) <> CH, + CH,OH(+M) rate expression as

k= = 5.94E23 T exp(—45880 K/T) (s ')
ke = 2.88E85 T'89 exp(—55317 K/T) (cm*/mol/sec)
Feert = 0.5 exp(—T7/200 K) + 0.5 exp(—T7/890 K) + exp(—4600 K/T)

and the C,H;OH(+M) <> C,H, + H,O(+M) rate expression as

k= = 279E13 T°% exp(—33284 K/T) (s~")
ke = 2.57E83 T 88 exp(—43509 K/T) (cm?*/mol/sec)
F.... = 0.3 exp(—1/350 K) + 0.7 exp(—T/800 K) + exp(—3800 K/T)

with an applied energy transfer per collision value of <AE,,,> = 500 cm~'.

An empirical branching ratio estimation procedure is presented which determines the tem-
perature dependent branching ratios of the three distinct sites of hydrogen abstraction from
ethanol. The calculated branching ratios for C,H;OH + OH, C,H;OH + O, C,H;OH +
H, and C,H;OH + CH, are compared to experimental data. © 1999 John Wiley & Sons, Inc.* Int ]
Chem Kinet 31: 183-220, 1999
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fuel has increased dramatically because of concerns
associated with conventional transportation fuels. The
elimination of tetra-ethyl lead in gasoline during the
mid-1980s and the 1990 Clean Air Act Amendments
have required refinery operations to provide oxygen-
ated gasoline in order to meet octane quality demands
and reduce carbon monoxide emissions and smog in
the nation’s most polluted areas. Currently, ethanol
and methyl tert-butyl ether (MTBE) are the most
widely used oxygenated fuels, and are most commonly
used in Federal and California reformulated gasoline
and winter oxygenated gasoline in the Western United
States. Ethanol may be considered asthe preferred ox-
ygenate since MTBE is a suspected carcinogen. Fur-
thermore, ethanol possesses the advantage of being
produced from renewable fuels like biomass while
MTBE requires isobutene, a waste fossil fuel product
in the gasoline refining process, for synthesis, and eth-
anol has roughly double the oxygen content than
MTBE on an oxygen to carbon basis. Recently, MTBE
has been reported as a drinking water contaminant in
urban wells, aquifers, springs, and municipal water
reservoirs across the United States, especialy in Cal-
ifornia [1]. The potential removal of MTBE from re-
formulated gasoline has greatly renewed interest in
ethanol as a gasoline additive.

There are fundamental and practical reasonsfor ex-
amining the oxidation of ethanol. Approximately 6—
10 vol % of reformulated gasoline may consist of eth-
anol, as required by current federal and state urban air
quality standards. As regulations on pollutant emis-
sions become stricter, the amount of oxygenated fuel
like ethanol in gasoline could increase. Therefore, we
need a full understanding of the reaciton pathways by
which ethanol is oxidized and of the pollutant species
that it may produce. This understanding will allow in-
dustry and regulatory agencies to better evaluate the
feasibility and relationship between the combustion
process and pollutant emissions when using ethanol.

Previous detailed chemical kinetic modeling stud-
ies performed during the early 1990s have greatly im-
proved the level of understanding of the ethanol oxi-
dation and pyrolysis process since the origina
modeling work of Nataragjan and Bhaskaran [2]. These
modeling efforts focused on problems of ethanol ig-
nition delay from shock tubes [2,3,4,7], ethanol lam-
inar flame speedsin burners[4,7], and product profiles
from ethanol pyrolysis and oxidation studies in static
[5], turbulent flow [4,6], and jet-stirred reactors [7].
Additional evidence of mechanistic featuresimportant
to describing ethanol reaction kinetics from static [8—
11] and flow reactors [12—14], and information on
autoignition characteristicsin arapid compression ma-
chine [15] and combustion bomb [16], pressure, tem-

perature, and mixture strength effects on flame prop-
agation rates [17] or modes of formation of soot in
diffusion flames [18,19] have proven to be useful for
ethanol model development. These experimental
works have been previously summarized [6] and no
further elaboration will be presented. The important
issues raised in the previous modeling works concern
specific features of the ethanol reaction kinetics, in
particular, the branching ratio assignments for the H-
atom abstraction reactions from ethanol and the fall-
off kinetics of the ethanol decomposition reactions.
The modeling studies of Borisov et al. [5] and Nor-
ton and Dryer [6] were the first to address the issue of
the three distinct H-atom sites in ethanol and the re-
sulting temperature dependent product distribution
during its combustion. Their modeling studies showed
good agreement with the time history of the reaction
products evolution during ethanol pyrolysis and oxi-
dation. These results emphasized the importance of
distinguishing the three C,H;O isomers that form
through H-atom abstraction from ethanol, and the
branching ratio assignments for proper product deter-
mination. However, these authors also noted that the
narrow temperature range of their experiments pre-
vented the determination of the branching ratio depen-
dence with temperature. These authors agree that ad-
ditional work is needed to clarify the nature of the
temperature dependent behavior of the branching ra-
tios for C,H;OH + X <> {CH,CH,OH, CH,CHOH,
CH,CH,0} + XH{X = OH, O, H, CH;, HO,, etc.}.
The shock tube modeling work for ethanol has
shown contradictory findings, especially concerning
the nature of the pressure dependence involving the
C,H;OH(+M) <> CH; + CH,OH(+M) decomposi-
tion reaction and those reactions that exhibit the great-
est sensitivity to ignition delay. The important chain
initiation step for shock tube conditions, C,H;OH
(+M) <> CH; + CH,O(+M), has been previously as-
sumed to exhibit second-order behavior in the re-
flected shock ignition delay modeling study of Nata-
rgjan and Bhaskaran [2], and Dunphy and Simmie[3],
or the reaction was shown to be in the fall-off, psuedo-
first order region by Borisov et d. in reflected shock
pyrolysis experiments. These studies were conducted
at very similar conditions of pressure and temperature.
Further complications were shown in the modeling
and sensitivity analysis study of ethanol ignition de-
lays by Dunphy and Simmie [3], Curran et a. [3,20],
Egolfopoulos et a. [4], and Dagaut et a. [7]. Egol-
fopoul os demonstrated good modeling agreement with
the Natarajan ignition delay data sets for equivalence
ratios of 0.5-2.0, and found C,H:OH <> CH; +
CH,OH asthe most sensitive reaction to ignition delay
which agreed with the earlier finding of Natargjan.
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However, Curran, Dagaut, and Dunphy found a lack
of sensitivity for this chain initating ethanol decom-
position reaction when modeling ignition delays from
reflected shocks of various C,H;OH—O,—Ar mix-
ture strengths at conditions of 1100—1900 K and 2.0—
4.5 bar. Curran showed the ethanol ignition delay to
be most sensitive to H+ O,<> 0O + OH, H +
0, + M < HO, + M, CH; + HO, <> CH,0 +
OH, and H, + OH <> H,O + H reactions. These sen-
sitivity analysis results were similar to the sensitivity
analysis findings of Dunphy and Dagaut. Also, the
Curran modeling efforts suggested that ethanol de-
composition occurs at or very near the high pressure
limit for the conditions of their study [20]. This par-
ticular result differs from the earlier findings of Bori-
sov et a. and the assumption made by Natargjan and
Dunphy.

The primary objective of the current study is to
present new rate constant expressions for ethanol de-
composition and H-atom abstraction reactions from
ethanol, as well as to develop and validate a detailed
chemical kinetic model for ethanol oxidation by com-
parison with experimental data sets obtained under a
variety of high temperature conditions. The modeling
study examined ignition delay data from shock tubes,
laminar flame speed datafrom a combustion bomb and
a counterflow twin flame, and species profiles from
ethanol oxidation in jet-stirred and turbulent flow re-
actors. The data sets considered span the temperature
range of 1000—1700 K, a pressure range of 1.0-4.5
atm, and an equivalence ratio range of 0.5-2.0. This
objective is to be achieved by an empirical branching
ratio estimation procedure that determines the temper-
ature dependent branching ratios of the three distinct
sites of hydrogen abstraction from ethanol, fall-off rate
constant calculations for the multichanneled ethanol
decomposition process, and reaction pathway and sen-
sitivity analysis. The latter approach is extensively
used in order to help in the model refinement and to
identify those reactions and their accompanying rate
constants that exhibit a strong influence on the ethanol
oxidation process. Hopefully, the results of this work
will lead to an improved level of understanding of the
high temperature ethanol oxidation process.

DISCUSSION OF THE COMPUTATIONAL
MODELS

The modeling computations were performed using the
CHEMKIN-II software [21] in conjunction with the
SENKIN [22], PREMIX [23], and PSR [24] programs.
The SENKIN program predicts the time-dependent
chemical kinetics behavior of a homogeneous gas

phase mixture in a closed system. This particular pro-
gram was used to calculate ignition delays in a shock
tube, and to study fuel oxidation in a turbulent flow
reactor. The ignition delay calculations were per-
formed by assuming an adiabatic system and a con-
stant density gas behind the reflected shock wave. The
flow reactor calculations were performed at constant
pressure with the additional constraint of using the ex-
perimentally measured temperature profile as sug-
gested by Norton and Dryer [6]. The laminar flame
speed cal culations were performed using the PREM I X
code for freely propagating flames. These computa-
tions require the flame front to be one-dimensional
with no heat loss to the surroundings. The central dif-
ferencing technique was used in the numerical inte-
gration of the laminar flame speeds at unburned gas
conditions of 1.0 atm and 298 K. The upwind differ-
encing scheme was used for calculations performed at
pressures greater than 1.0 atm and unburned gas tem-
peratures greater than 450 K. Two hundred zones and
greater were used in the upwind differencing integra-
tions. Thermal diffusion was included in the adiabatic
freely propagating flame calculations. The PSR (per-
fectly-stirred reactor) program was used to calculate
the species concentrations for the jet-stirred reactor
study. The PSR code determines the steady-state spe-
cies composition in the reactor per prescribed temper-
ature. The PSR simulation requires the important as-
sumption that the rate of conversion from reactants to
products is controlled by the chemical reaction rates
and not by the mixing process. This assumption re-
quires the mixing process to be infinitely fast, and as
a consequence no spatial temperature and concentra-
tion gradients are found in the stirred reactor.

The detailed chemical kinetic model was assembled
using reaction submechanisms developed previously
for hydrogen [25], methane [26], ethylene[27,28], eth-
ane[26], and propane oxidation [29]. The hierarchical
nature of the model development for the C; hydrocar-
bon submechanism relied on using literature-based ki-
netic data whenever possible, evaluated kinetic rate
constant information, theoretically calculated rate pa-
rameters, and rate constant estimations based on anal-
ogies to similar reactions. The compiled ethanol oxi-
dation mechanism is listed in Table | and consists of
56 species and 351 reversible reactions. Third body
efficiencies and pressure corrections were applied as
necessary to the dissociation, recombination, and ad-
dition reactions. These reactions are expressed in ei-
ther the ten parameter Troe format or in the Linde-
mann-Hinshelwood description for fall-off kinetics.

Transport properties were obtained from the Sandia
CHEMKIN transport data base [30] as found in the
TRANDAT file of the Sandia TRANFIT program.
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Transport properties for species not found in the da-
tabase were estimated using the methods described by
Wang and Frenklach [31].

The thermodynamic properties for the species used
in this study were primarily obtained from the CHE-
MKIN thermodynamic database [32], and Burcat and
McBride [33]. Thermodynamic properties for those
species not found in the databases were estimated by
group additivity [34—36]. These estimated specific
heats, standard state enthalpies, and standard state en-
tropies data were fitted for the 300—1500 K range and
extrapolated to 5000 K using the Harmonic Oscillator
Equation and Exponential Function methods of
THERM [36]. The THERM program generates the
fourteen polynomial coefficients as used in the NASA
Complex Equilibrium program [37]. The compiliation
of the thermochemical data in polynomial coeffi-
cient along with the reaction kinetics and transport
may be obtained by e-mail from the author (mari-
novl@linl.gov). Table Il shows the thermodynamic
data used in this study that is not presently found in
the Sandia CHEMKIN Thermodynamic database re-
port [32].

DISCUSSION OF THE REACTION
KINETICS

Branching Ratios for H-Atom Abstraction
Reactions from Ethanol

The ethanol submechanism was developed by thor-
oughly reviewing the kinetics literature for rate con-
stants and branching ratios of elementary reactionsin-
volving C,H;OH, CH,CHOH, C,H,OH, CH,CH,0,
and CH;HCO. The detailed chemical kinetic model
treats all three distinct sites of hydrogen abstractionin
the ethanol molecule, and therefore the model consid-
ers the subsequent reactions of all three isomers of
C,H:O (i.e., CH;CHOH, C,H,OH, and CH;CH,0).
Currently, a very limited amount of direct branching
ratio information exists for H-atom abstraction reac-
tions involving ethanol. Direct measurements of
branching ratios can be found for temperatures below
600 K, and at 3500 K for C,H:OH + OH [38,39],
C,H;OH + O [40,41], and C,H;OH + CH, [42] re-
actions. However, these data may not be applicableto
the conditions examined in the present study. Previous
modeling efforts have treated the branching ratios by
either (1) using a total overal rate constant for
C,H;OH + X (where, X = OH,O,H, and CH;) and
partitioning the overal rate constant by temperature
independent branching ratios for the various abstract-
able H-atom sites [6], or (2) using rate constants from

anal ogous reactions that exhibit similar bond strengths
as found in ethanol without constraining the overall
rate constant [20]. The success of the first approach is
dependent on having a complete understanding of the
combustion chemistry of ethanol and its reaction in-
termediates. The second approach fails to enforce the
overall C,H:OH + X <> Products rate constant, and
assumes the correct temperature dependent branching
ratios would fall out from the analogous abstraction
rate constants in C;Hg + X and CH,OH + X as as
signed to C,H;OH + X. In this study, it is expected
that the branching ratios will exhibit temperature de-
pendence, and that a simple methodology would have
to be adopted in order to extrapolate the measured low
temperature branching ratios to high temperature con-
ditions or to make predictions in absence of direct
branching ratio measurements. The following ap-
proach was adopted which uses previously determined
branching ratio valuesfrom model compoundsthat ex-
hibit similar structural and chemical bonding charac-
teristics as those found in ethanol. Propane and meth-
anol were used as the model compounds to treat the
relative branching ratios for the three specific H-atom
abstraction sites in ethanol. This was done as ample
experimental and theoretical information exists at el-
evated temperatures on the relative rates of H-atom
abstraction from these species.

Propane and methanol have very smilar O—H and
C—H bond strengths as found in ethanol. This is
shown in Figure 1. The similarity in bond strengthsand
structural characteristics between the model compounds
and ethanol allows for a set of equations to be devel-
oped and solved. The relative rates of H-atom abstrac-
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Figurel Thebond strengthsof the various abstractable H-
atoms from ethanol, propane, and methanol.
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Table I Reaction Mechanism Rate Coefficients (k = A T’ exp(—E./RT), Units are Moles, cm?, Seconds, K, and
Calories/Mole)

Reaction A b E, Reference
HYDROGEN-OXY GEN SUBMECHANISM
1. OH + H, =H + H,0 2.14E + 08 1.52 3449.0 [25]
20+0H=0,+H 2.02E + 14 -04 0.0 [25]
3.0+H,=0H+H 5.06E + 04 2.67 6290.0 [25]
4. H + Oy(+M) = HO,(+ M)« 452E + 13 0.0 0.0 [25]
Low pressure limit: 1.05E + 19 —1.257 0.0

Enhanced Third Body Efficiencies:
H,O = 0.0, H, = 0.0, N, = 0.0, CH, = 10.0,
CO,=38,CO=19

da. H + Oy(+N,) = HO,(+N,) 452E + 13 0.0 0.0 [25]
Low pressure limit: 2.03E + 20 —1.59 0.0
4b. H + O,(+H,) = HO,(+H,) 452E + 13 0.0 0.0 [25]
Low pressure limit: 152E + 19 —1.133 0.0
4c. H + O,(+H,0) = HO,(+H,0) 452E + 13 0.0 0.0 [25]
Low pressure limit: 2.10E + 23 —2.437 0.0
5. OH + HO, = H,0 + O, 2.13E + 28 —4.827 3500.0 [26]
Duplicate reaction
OH + HO, = H,0 + O, 9.10E + 14 0.0 10964.
Duplicate reaction
6. H + HO, = OH + OH 1.50E + 14 0.0 1000.0 [25]
7. H+HO,=H,+ 0, 6.63E + 13 0.0 2126.0 [65]
8. H+ HO,=0+ H,0 3.01E + 13 0.0 1721.0 [25]
9. 0+ HO,=0,+ OH 3.25E + 13 0.0 0.0 [25]
10. 20H = O + H,0 357E + 04 24 —2112.0 [25]
I1LH+H+M=H,+M 1.00E + 18 -1.0 0.0 [25]

Enhanced Third Body Efficiencies:
H,0 = 0.0,H, = 0.0

1lla H+H + H,=H, + H, 9.20E + 16 -06 0.0 [25]
11b. H+ H + H,0 = H, + H,0 6.00E + 19 -1.25 0.0 [25]
12 H+OH+ M =H,0+ M 221E + 22 -20 0.0 [25]
Enhanced Third Body Efficiencies:
H,O = 6.4
I3.H+O+M=0OH+M 471E + 18 -1.0 0.0 [25]
H,O = 6.4
14 0+0+M=0,+M 1.89E + 13 0.0 —1788.0 [25]
15. HO, + HO, = H,0, + O, 4.20E + 14 0.0 11982.0 [25]
Duplicate reaction
HO, + HO, = H,0, + O, 1.30E + 11 0.0 —1629.0
Duplicate reaction
16. OH + OH(+M) = H,O,(+ M) 1.24E + 14 -0.37 0.0 [25]
Low pressure limit: 3.04E + 30 —4.63 2049.0 [25]
Troe Parameters. a = 0.470, T*** = 100.0,
T* = 2000.0
T* = 1.0E + 15
17. H,0, + H = HO, + H, 1.98E + 06 2.0 2435.0 [25]
18. H,0, + H=OH + H,0O 3.07E + 13 0.0 4217.0 [25]
19. H,0, + O = OH + HO, 9.55E + 06 2.0 3970.0 [25]
20. H,0, + OH = H,0 + HO, 2.40E + 00 4.042 —2162.0 [25]
C, HYDROCARBON SUBMECHANISM
21. CH; + CHy(+M) = CHg(+M) 9.22E + 16 —1.174 636.0 [26]
Low pressure limit: 1.14E + 36 —5.246 1705.0 [26]

Troe Parameters: a = 0.405, T*** = 1120.0,
T = 69.6, T** = 1.0E + 15

Enhanced Third Body Efficiencies:

H,O = 5.0,H, = 2.0, CO, = 3.0, CO = 2.0

(Continued)
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Table I (Continued)
Reaction A b E, Reference

22. CH; + H(+M) = CH,(+M) 2.14E + 15 -04 0.0 [26]

Low pressure limit: 3.31E + 30 —-4.0 2108.0

Troe Parameters: a = 0.0, T*** = 1.0E — 15,

T* = 1.0E — 15, T** = 40.

Enhanced Third Body Efficiencies:

H,O =5.0,H, = 2.0,CO, = 3.0,CO =20
23. CH, + H=CH; + H, 2.20E + 04 3.0 8750.0 [26]
24, CH, + OH = CH; + H,O 4.19E + 06 20 2547.0 [26]
25. CH, + O=CH; + OH 6.92E + 08 1.56 8485.0 [26]
26. CH, + HO, = CH; + H,0, 1.12E + 13 0.0 24640.0 [26]
27. CH; + HO, = CH;O + OH 7.00E + 12 0.0 0.0 [26]
28. CH; + HO, = CH, + O, 3.00E + 12 0.0 0.0 [26]
29. CH; + O=CH,O0+H 8.00E + 13 0.0 0.0 [26]
30. CH; + O, =CH,O + O 145E + 13 0.0 29209.0 [26]
31. CH; + O, = CH,O + OH 251E + 11 0.0 14640.0 [26]
32. CH;O0 + H =CH; + OH 1.00E + 13 0.0 0.0 €]
33. CH,OH + H = CH; + OH 1.00E + 13 0.0 0.0 (a
34. CH; + OH = CHy(s) + H,O 2.00E + 13 0.0 550.0 [66]
35. CH; + OH = CH, + H,O 3.00E + 06 20 2500.0 [26]
36. CH; + OH = HCOH + H, 1.00E + 10 0.0 —415.0 [66]
37.CH; + H=CH, + H, 9.00E + 13 0.0 15100.0 [26]
38.CH; +M=CH+H,+ M 6.90E + 14 0.0 82469.0 [26]
39.CH; + M =CH,+H+ M 1.90E + 16 0.0 91411.0 [26]
40. CH; + OH(+M) = CH,OH(+ M) 8.70E + 13 0.1 0.0 [26]

Low pressure limit: 5.75E + 41 —-74 626.0

Troe Parameters. a = 0.025, T*** = 1.0E — 15,

T* = 8000.0, T** = 3000.0

Enhanced Third Body Efficiencies:

H,O = 10.0, H, = 2.0, CO, = 3.0,CO = 20
41. CH;OH(+M) = CHy(s) + H,O(+ M) 2.84E + 10 1.00 83871.0 (b,c)

Low pressure limit: 1.78E + 49 —8.81 93369.0

Troe Parameters. a = 0.90, T*** = 740.,

* = 980., T** = 5100.

Enhanced Third Body Efficiencies:

H,O = 10.0, H, = 2.0, CO, = 3.0,CO = 2.0
42. CH;OH(+M) = HCOH + H,(+M) 4.20E + 09 112 85604.0 (b,c)

Low pressure limit: 5.02E + 47 —8.40 94823.0

Troe Parameters. a = 0.9, T*** = 615.,

T* = 915, T** = 4615.

Enhanced Third Body Efficiencies:

H,O = 10.0, H, = 2.0, CO, = 3.0,CO = 2.0
43. CH;OH(+M) = CH,0 + H,(+M) 2.03E + 09 1.00 91443.0 (b,c)

Low pressure limit: 9.78E + 47 —8.40 101761.0

Troe Parameters. a = 0.9, T*** = 825,,

T+ = 1125., T** = 5700.

Enhanced Third Body Efficiencies:

H,O = 10.0, H, = 2.0, CO, = 3.0,CO = 2.0
44, CH,OH + OH = CH,OH + H,0 2.61E + 05 2.182 —1344.0 [26]
45. CH;OH + OH = CH;0 + H,0O 2.62E + 06 2.056 916.0 [26]
46. CH;OH + O = CH,OH + OH 3.88E + 05 25 3080.0 [26]
47. CH,OH + H = CH,OH + H, 1.70E + 07 21 4868.0 [26]
48. CH,OH + H = CH,O + H, 4.24E + 06 21 4868.0 [26]
49. CH;OH + CH; = CH,OH + CH, 3.19E + 01 3.17 7171.0 [26]

(Continued)
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Reaction A b E, Reference

50. CH;OH + CH; = CH,0O + CH, 1.45E + 01 3.10 6935.0 [26]
51. CH;OH + HO, = CH,OH + H,0, 9.64E + 10 0.0 12578.0 [26]
52. CH,0 + H(+M) = CH;O(+ M) 5.40E + 11 0.454 2600.0 [67]

Low pressure limit: 1.50E + 30 —4.80 5560.0

Troe Parameters. a = 0.758, T*** = 94.,

T* = 1555., T** = 4200.

Enhanced Third Body Efficiencies: H,O = 5.0
53. CH,0 + H(+M) = CH,OH(+ M) 5.40E + 11 0.454 3600.0 [67]

Low pressure limit: 9.10E + 31 —4.82 6530.0

Troe Parameters: a = 0.719, T*** = 103,,

* = 1291., T** = 4160.

Enhanced Third Body Efficiencies: H,O = 5.0
54. CH;O + CH,; = CH,O + CH, 1.20E + 13 0.0 0.0 [67]
55. CH;O + H = CH,O + H, 2.00E + 13 0.0 0.0 [26]
56. CH,OH + H = CH,O + H, 2.00E + 13 0.0 0.0 [26]
57. CH;O + OH = CH,O + H,0 1.00E + 13 0.0 0.0 [26]
58. CH,OH + OH = CH,O + H,0O 1.00E + 13 0.0 0.0 [26]
59. CH,O + O = CH,O + OH 1.00E + 13 0.0 0.0 [26]
60. CH,OH + O = CH,O + OH 1.00E + 13 0.0 0.0 [26]
61. CH,O + O, = CH,O + HO, 6.30E + 10 0.0 2600.0 [26]
62. CH,OH + O, = CH,O + HO, 157E + 15 -1.0 0.0 [26]

Duplicate reaction

CH,OH + O, = CH,0 + HO, 7.23E + 13 0.0 3577.0

Duplicate reaction
63. HCOH + OH = HCO + H,0 2.00E + 13 0.0 0.0 [26]
64. HCOH + H = CH,O + H 2.00E + 14 0.0 0.0 [26]
65. HCOH + O =CO + OH + H 8.00E + 13 0.0 0.0 [26]
66. HCOH + O, = CO + OH + OH 1.00E + 13 0.0 0.0 [26]
67. HCOH + O, = CO, + H,0O 1.00E + 13 0.0 0.0 [26]
68. HCOH = CH,O 2.10E + 19 -3.07 31700.0 [68](d)
69. CH, + H=CH + H, 1.00E + 18 —1.56 0.0 [26]
70. CH, + OH = CH + H,0 1.13E + 07 2.0 3000.0 [26]
71. CH, + OH = CH,O + H 2.50E + 13 0.0 0.0 [26]
72. CH, + CO, = CH,0 + CO 1.10E + 11 0.0 1000.0 [26]
73.CH,+O=CO+H+H 5.00E + 13 0.0 0.0 [26]
74. CH, + O =CO + H, 3.00E + 13 0.0 0.0 [26]
75. CH, + O, = CH,0 + O 3.29E + 21 -33 2868.0 [26]
76. CH, + 0, =CO, + H+H 3.29E + 21 -33 2868.0 [26]
77. CH, + O, = CO, + H, 101E + 21 -33 1508.0 [26]
78. CH, + O, = CO + H,0O 7.28E + 19 —2.54 1809.0 [26]
79. CH, + O, = HCO + OH 1.29E + 20 -33 284.0 [26]
80. CH, + CH; =C,H, + H 4.00E + 13 0.0 0.0 [26]
8l. CH, + CH,=C,H, + H+H 4.00E + 13 0.0 0.0 [26]
82. CH, + HCCO = C,H; + CO 3.00E + 13 0.0 0.0 [26]
83. CH, + C,H, = H,CCCH + H 1.20E + 13 0.0 6600.0 [26]
84. CHy(9)* + M = CH, + M 1.00E + 13 0.0 0.0 [26]

Enhanced Third Body Efficiencies:

H = 12.0, C;H, = 4.0, H,O = 3.0
85. CHy(s) + CH, = CH; + CH, 4.00E + 13 0.0 0.0 [26]
86. CH,(s) + C,Hg = CH; + C,Hq 1.20E + 14 0.0 0.0 [26]
87. CHy(s) + O, =CO + OH + H 7.00E + 13 0.0 0.0 [26]
88. CHy(s) + H, = CH; + H 7.00E + 13 0.0 0.0 [26]
89. CHy(s) + C,H, = H,CCCH + H 1.50E + 14 0.0 0.0 [26]
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90. CHy(s) + C,H, = AC;H; + H 1.30E + 14 0.0 0.0 [26]
91. CHy(s) + O=CO+H+H 3.00E + 13 0.0 0.0 [26]
92. CHy(s) + OH = CH,O + H 3.00E + 13 0.0 0.0 [26]
93. CHy(s) + H=CH + H, 3.00E + 13 0.0 0.0 [26]
94. CHy(s) + CO, = CH,0 + CO 3.00E + 12 0.0 0.0 [26]
95. CHy(s) + CH; = CH, + H 2.00E + 13 0.0 0.0 [26]
96. CH,(s) + CH,CO = C,H, + CO 1.60E + 14 0.0 0.0 [26]
97. CH + O, = HCO + O 3.30E + 13 0.0 0.0 [26]
98.CH+ O=CO+H 5.70E + 13 0.0 0.0 [26]
99. CH + OH = HCO + H 3.00E + 13 0.0 0.0 [26]
100. CH + CO, = HCO + CO 3.40E + 12 0.0 690.0 [26]
101. CH + H,0 = CH,O + H 117E + 15 -0.75 0.0 [26]
102. CH + CH,0 = CH,CO + H 9.46E + 13 0.0 —515.0 [26]
103. CH + CH, = CH, + H 1.00E + 14 0.0 0.0 [26]
104. CH + CH,=CH, + H 4.00E + 13 0.0 0.0 [26]
105. CH + CHy; = C,H; + H 3.00E + 13 0.0 0.0 [26]
106. CH + CH, = C,H, + H 6.00E + 13 0.0 0.0 [26]
107. CH,0 + OH = HCO + H,O 3.43E + 09 1.18 —447.0 [26]
108. CH,0 + H = HCO + H, 2.19E + 08 1.77 3000.0 [26]
109. CH,O0 + M = HCO + H + M 3.31E + 16 0.0 81000.0 [26]
110. CH,O + O = HCO + OH 1.80E + 13 0.0 3080.0 [26]
111. HCO + O, = HO, + CO 7.58E + 12 0.0 410.0 [26]
112. HCO+ M =H + CO + M 1.86E + 17 -10 17000.0 [26]

Enhanced Third Body Efficiencies:

H,O = 5.0, H, = 1.87, CO, = 3.0, CO = 1.87,

CH, =281
113. HCO + OH = H,0 + CO 1.00E + 14 0.0 0.0 [26]
114. HCO+ H=CO + H, 1.19E + 13 0.25 0.0 [26]
115. HCO + O = CO + OH 3.00E + 13 0.0 0.0 [26]
116. HCO + O =CO, + H 3.00E + 13 0.0 0.0 [26]
117. HCOOH + M = CO + H,0 + M 2.09E + 14 0.0 40400.0 [69]
118. HCOOH + M = CO, + H, + M 1.35E + 15 0.0 60600.0 [69]
119. HCOOH + OH = CO, + H,O + H 2.62E + 06 2.056 916.0 (e
120. HCOOH + OH = CO + H,0 + OH 1.85E + 07 1.50 —962.0 )
121. HCOOH + H = CO, + H, + H 4.24E + 06 2.10 4868.0 (e)
122. HCOOH + H = CO + H, + OH 6.06E + 13 -0.35 2988.0 )
123. HCOOH + CH,; = CH, + CO + OH 3.90E — 07 5.80 2200.0 )
124. HCOOH + HO, = CO + H,0, + OH 2.40E + 19 —2.20 14030.0 )
125. HCOOH + O = CO + OH + OH 1.77E + 18 -1.90 2975.0 )
126. CO+ OH = CO, + H 9.42E + 03 2.25 —2351.0 [26]
127. CO+ O+ M =CO, + M 6.17E + 14 0.0 3000.0 [26]
128. CO+ O, =CO, + O 2.53E + 12 0.0 47688.0 [26]
129. CO + HO, = CO, + OH 5.80E + 13 0.0 22934.0 [26]

C, HYDROCARBON SUBMECHANISM

130. C,H;OH(+M) = CH,OH + CH4(+M) 5.94E + 23 —1.68 91163.0 This Study

Low pressure limit: 2.88E + 85 —189 109914.0 (9)

Troe Parameters: a = 0.50, T*** = 200.,

T* = 890.0, T** = 4600.0

Enhanced Third Body Efficiencies:

H,O =5.0,H, =20, CO, =30,CO =20
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131. C,H;OH(+M) = C,Hs + OH(+M) 1.25E + 23 —1.54 96005.0 This Study

Low pressure limit: 3.25E + 85 —-18.81 114930.0 (9)

Troe Parameters: a = 0.50, T*** = 300,

T* = 900., T** = 5000.

Enhanced Third Body Efficiencies:

H,O = 5.0,H, = 2.0, CO, = 3.0, CO = 2.0
132. C,H;OH(+M) = C,H, + H,O(+ M) 2.79E + 13 0.09 66136.0 This Study

Low pressure limit: 2.57E + 83 —18.85 86452.0 (9)

Troe Parameters: a = 0.70, T*** = 350,

T* = 800., T** = 3800.

Enhanced Third Body Efficiencies:

H,O =50
133. C,H;OH(+M) = CH;HCO + H,(+M) 7.24E + 11 0.095 91007.0 This Study

Low pressure limit: 4.46E + 87 —19.42 115586.0 (9)

Troe Parameters: a = 0.90, T*** = 900,

T = 1100., T** = 3500.

Enhanced Third Body Efficiencies:

H,O =50
134. C,H;OH + OH = C,H,OH + H,O 1.74E + 11 0.27 600.0 This Study (h)
135. C,H;OH + OH = CH,CHOH + H,O 464E + 11 0.15 0.0 This Study
136. C,H;OH + OH = CH,CH,O + H,O 7.46E + 11 0.30 1634.0 This Study
137. C,H;OH + H = C,H,OH + H, 1.23E + 07 1.80 5098.0 This Study (i)
138. C,H;OH + H = CH,CHOH + H, 2.58E + 07 1.65 2827.0 This Study
139. C,H;OH + H = CH,CH,O + H, 1.50E + 07 1.60 3038.0 This Study
140. C,H;OH + O = C,H,OH + H,O 9.41E + 07 1.70 5459.0 This Study (j)
141. C,H;OH + O = CH,CHOH + H,0 1.88E + 07 1.85 1824.0 This Study
142. C,H;OH + O = CH,CH,O + H,O 1.58E + 07 2.00 4448.0 This Study
143. C,H;OH + CH; = C,H,OH + CH, 2.19E + 02 3.18 9622.0 This Study (k)
144. C,H;OH + CH; = CH;CHOH + CH, 7.28E + 02 2.99 7948.0 This Study
145. C,H;OH + CH; = CH;CH,O + CH, 1.45E + 02 2.99 7649.0 This Study
146. C,H;OH + HO, = C,H,OH + H,0, 123E + 04 2.55 15750.0 This Study
147. C,H;OH + HO, = CH,CHOH + H,0O, 8.20E + 03 2.55 10750.0 This Study
148. C,H;OH + HO, = CH,CH,O + H,0, 2.50E + 12 0.00 24000.0 This Study
149. CH,CH,0 + M = CH,HCO + H + M 1.16E + 35 —5.89 25274.0 QRRK, 1 am
150. CH4,CH,0 + M = CH; + CH,O + M 1.35E + 38 —6.96 23800.0 QRRK, 1 am
151. CH,CH,O + CO = C,H; + CO, 4.68E + 02 3.16 5380.0 0]
152. CH,CH,0 + O, = CH,HCO + HO, 4.00E + 10 0.00 1100.0 [70]
153. CH4,CH,0 + H = CH; + CH,OH 3.00E + 13 0.00 0.0 @
154. CH,CH,O0 + H = CH, + H,0 3.00E + 13 0.00 0.0 @
155. CH,CH,0 + OH = CH,HCO + H,O 1.00E + 13 0.00 0.0 @
156. CH,CHOH + O, = CHZ;HCO + HO, 4.82E + 14 0.00 5017.0 (m)

Duplicate

CH,CHOH + O, = CH;HCO + HO, 8.43E + 15 -1.20 0.0

Duplicate
157. CH;CHOH + CH; = C;Hg + H,0 2.00E + 13 0.00 0.0 @
158. CH,CHOH + O = CH,HCO + OH 1.00E + 14 0.00 0.0 @
159. CH4,CHOH + H = CH; + CH,OH 3.00E + 13 0.00 0.0 @
160. CH;CHOH + H = C,H, + H,0 3.00E + 13 0.00 0.0 )
161. CH,CHOH + HO, = CH;HCO + OH + OH 4.00E + 13 0.00 0.0 @
162. CH;CHOH + OH = CHZHCO + H,O 5.00E + 12 0.00 0.0 @
163. CH;CHOH + M = CH,HCO + H + M 1.00E + 14 0.00 25000.0 @
164. CH,HCO + OH = CH,CO + H,0O 9.24E + 06 1.50 —962.0 [71]
165. CH4;HCO + OH = CH,HCO + H,0 1.72E + 05 2.40 815.0 [71]

(Continued)



192

MARINOV

Table I (Continued)

Reaction A b E, Reference

166. CH;HCO + OH = CH; + HCOOH 3.00E + 15 —1.076 0.0 [71]
167. CH;HCO + O = CH,CO + OH 1.77E + 18 —1.90 2975.0 (o,p)
168. CH;HCO + O = CH,HCO + OH 3.72E + 13 —0.20 3556.0 (o,p)
169. CH;HCO + H = CH,CO + H, 4.66E + 13 —-0.35 2988.0 (0,9)
170. CH;HCO + H = CH,HCO + H, 1.85E + 12 0.40 5359.0 (0,9)
171. CH;HCO + CH; = CH,CO + CH, 3.90E — 07 5.80 2200.0 (o)
172. CH;HCO + CH; = CH,HCO + CH, 245E + 01 3.15 5727.0 (o)
173. CH;HCO + HO, = CH,CO + H,0, 2.40E + 19 —2.20 14030.0 (0,9
174. CH;HCO + HO, = CH,HCO + H,0, 232E + 11 0.40 14864.0 (0,9
175. CH;HCO + O, = CH,CO + HO, 1.00E + 14 0.0 42200.0 €]
176. CH,HCO + H = CH; + HCO 5.00E + 13 0.0 0.0 €]
177. CH,HCO + H = CH,CO + H, 2.00E + 13 0.0 0.0 @
178. CH,HCO + O = CH,O + HCO 1.00E + 14 0.0 0.0 [26]
179. CH,HCO + OH = CH,CO + H,O 3.00E + 13 0.0 0.0 [26]
180. CH,HCO + O, = CH,0 + CO + OH 3.00E + 10 0.0 0.0 [26]
181. CH,CHO + CH; = C,H; + CO + H 4.90E + 14 —0.50 0.0 [26]
182. CH,CHO + HO, = CH,0 + HCO + OH 7.00E + 12 0.00 0.0 (t)
183. CH,CHO + HO, = CH;HCO + O, 3.00E + 12 0.00 0.0 (u)
184. CH,HCO = CH; + CO 1.17E + 43 —9.83 43756.0 QRRK, 1 atm
185. CH,HCO = CH,CO + H 1.81E + 43 —9.61 45868.0 QRRK, 1 am
186. C,Hg + CH; = C,Hs + CH, 550E — 01 4.0 8300.0 [26]
187. C,Hg + H=C,Hs + H, 5.40E + 02 35 5210.0 [26]
188. C,Hs + O = C,Hs + OH 3.00E + 07 20 5115.0 [26]
189. C,Hg + OH = C,Hs + H,0 7.23E + 06 20 864.0 [26]
190. CHs + H=C,H, + H, 125E + 14 0.0 8000.0 [26]
191. C,Hs + H = CH; + CH, 3.00E + 13 0.0 0.0 [26]
192. C,Hs + H = C,Hq 3.00E + 13 0.0 0.0 [26]
193. C,Hs + OH = C,H, + H,O 4.00E + 13 0.0 0.0 [26]
194. C,H; + O = CH; + CH,O 1.00E + 14 0.0 0.0 [26]
195. C,Hs + HO, = C,H; + O, 3.00E + 12 0.0 0.0 [26]
196. C,Hs + HO, = CH; + CH,O + OH 3.00E + 13 0.0 0.0 [26]
197. C,Hs + O, = C,H, + HO, 2.89E + 28 —5.40 7585.0 [72]
198. C,Hs + O, = CH;HCO + OH 4.90E + 11 —0.48 8357.0 [72]
199. C,H, + OH = C,H,OH 1.29E + 12 0.0 —817.0 [73]
200. C,H,OH + O, = HOC,H,0O, 1.00E + 12 0.0 —1100.0 (a
201. HOC,H,O, = CH,O + CH,O + OH 6.00E + 10 0.0 24500.0 @)
202. C,H, + H=C,H; + H, 3.36E — 07 6.0 1692.0 [26]
203. C,;H, + OH = C,H; + H,O 2.02E + 13 0.0 5936.0 [26]
204. C,H, + O = CH; + HCO 1.02E + 07 1.88 179.0 [26]
205. C,H, + O = CH,HCO + H 3.39E + 06 1.88 179.0 [26]
206. C,H, + CH; = C,H; + CH, 6.62E + 00 3.70 9500.0 [26]
207. C,H, + H(+M) = C,Hs(+ M) 1.08E + 12 0.454 1822.0 [26]

Low pressure limit: 111E + 34 —5.00 4448.0

Troe Parameters. a = 1.0, T*** = 1.0E — 15,

T* = 95.0, T** = 200.0

Enhanced Third Body Efficiencies:

H,O =50, H, = 2.0, CO, = 3.0,CO =20
208. C,H,(+M) = C,H, + H,(+M) 1.80E + 14 0.0 87000.0 [29]

Low pressure limit: 150E + 15 -0.0 55443.0
209. C,H; + H(+M) = CH,(+M) 6.10E + 12 0.27 280.0 [29]

Low pressure limit: 9.80E + 29 —3.86 3320.0

Troe Parameters. a = 0.782, T*** = 208.,
* = 2663., T** = 6095.
Enhanced Third Body Efficiencies: H,O = 5.0
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210. C,H; + H = C,H, + H, 9.00E + 13 0.0 0.0 [65]
211. C,H; + O = CH,CO + H 3.00E + 13 0.0 0.0 [26]
212. C,H; + O, = CH,O + HCO 1.70E + 29 —5.312 6500.0 [26]
213. C,H; + O, = CH,HCO + O 5.50E + 14 —0.611 5260.0 [26]
214. C,H; + O, = C,H, + HO, 2.12E - 06 6.00 9484.0 [26]
215. C,H; + OH = C,H, + H,0O 2.00E + 13 0.0 0.0 [26]
216. C,H; + C,H = C,H, + C,H, 3.00E + 13 0.0 0.0 [26]
217. C,H; + CH = CH, + C,H, 5.00E + 13 0.0 0.0 [26]
218. C,H; + CH; = ACH + H 4.73E + 02 3.7 5677.0 [26]
219. C,H; + CH; = C3H, 4.46E + 56 -13.0 13865.0 [26]
220. C,H; + CHy; = C,H, + CH, 2.00E + 13 0.0 0.0 [26]
221. C,H, + OH = C,H + H,O 3.37E + 07 2.0 14000.0 [26]
222. C,H, + OH = HCCOH + H 5.04E + 05 23 13500.0 [26]
223. C,H, + OH = CH,CO + H 2.18E — 04 45 —1000.0 [26]

Duplicate reaction

C,H, + OH = CH,CO + H 2.00E + 11 0.0 0.0 [26]

Duplicate reaction
224. C,H, + OH = CH; + CO 4.83E — 04 4.0 —2000.0 [26]
225. HCCOH + H = CH,CO + H 1.00E + 13 0.0 0.0 [26]
226. C,H, + O = CH, + CO 6.12E + 06 2.0 1900.0 [26]
227. C,H, + O = HCCO + H 1.43E + 07 2.0 1900.0 [26]
228. C,H, + O=C,H + OH 3.16E + 15 -0.6 15000.0 [26]
229. C,H, + CH; = C,H + CH, 181E + 11 0.0 17289.0 [26]
230. C,H, + O, = HCCO + OH 4.00E + 07 15 30100.0 [26]
231. CH, + M =CH+H+ M 4.20E + 16 0.0 107000.0 [26]
232. C,H, + H(+M) = C,Hy(+M) 3.11E + 11 0.58 2589.0 [26]

Low pressure limit: 2.25E + 40 —7.269 6577.0 [26]

Troe Parameters. a = 1.0, T*** = 1.0E — 15,

T* = 675.0, T** = 1.0E + 15

Enhanced Third Body Efficiencies:

H,O = 5.0, H, = 2.0, CO, = 3.0,CO = 2.0
233. CHOCHO(+M) = CH,O + CO(+ M) 4.27E + 12 0.0 50600.0 [26]

Low pressure limit: 8.91E + 16 0.0 49200.0 [26]
234. CHOCHO = CO + CO + H, 4.07E + 42 -85 69278.0 [26]
235. CHOCHO + OH = HCO + CO + H,0 1.00E + 13 0.0 0.0 [26]
236. CHOCHO + O = HCO + CO + OH 7.24E + 12 0.0 1970.0 [26]
237. CHOCHO + H = CH,O + HCO 1.00E + 12 0.0 0.0 [26]
238. CHOCHO + HO, = HCO + CO + H,0, 1.70E + 12 0.0 10700.0 [26]
239. CHOCHO + CH,; = HCO + CO + CH, 1.74E + 12 0.0 8440.0 [26]
240. CHOCHO + O, = HCO + CO + HO, 1.00E + 14 0.0 37000.0 [26]
241. CH,CO(+M) = CH; + CO(+M) 3.00E + 12 0.0 16722.0 [26]

Low pressure limit: 1.20E + 15 0.0 12518.0
242. CH,CO + O = CO, + CH, 1.75E + 12 0.0 1350.0 [26]
243. CH,CO + H = CH; + CO 271E + 04 2.75 714.0 [29]
244. CH,CO + H = HCCO + H, 2.00E + 14 0.0 8000.0 [26]
245. CH,CO + O = HCCO + OH 1.00E + 13 0.0 8000.0 [26]
246. CH,CO + OH = HCCO + H,O 1.00E + 13 0.0 2000.0 [26]
247. CH,CO + OH = CH,OH + CO 3.73E + 12 0.0 —1013.0 [26]
248. CH,CO(+M) = CH, + CO(+M) 3.00E + 14 0.0 70980.0 [26]

Low pressure limit: 3.60E + 15 0.0 59270.0
249. C,H + H,=CH, + H 4.09E + 05 2.39 864.3 [26]
250. C,H + O =CH + CO 5.00E + 13 0.0 0.0 [26]
251. C,H + OH = HCCO + H 2.00E + 13 0.0 0.0 [26]
252. CH+ 0, =CO+CO+H 9.04E + 12 0.0 —457.0 [26]
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253. HCCO + C,H, = H,CCCH + CO 1.00E + 11 0.0 3000.0 [26]
254. HCCO + H = CH,(S) + CO 1.00E + 14 0.0 0.0 [26]
255. HCCO + O=H + CO + CO 8.00E + 13 0.0 0.0 [26]
256. HCCO + O = CH + CO, 2.95E + 13 0.0 1113.0 [26]
257. HCCO + O, = HCO + CO + H 2.50E + 08 1.0 0.0 [26]
258. HCCO + O, = CO, + HCO 240E + 11 0.0 —854.0 [26]
259. HCCO + CH = C,H, + CO 5.00E + 13 0.0 0.0 [26]
260. HCCO + HCCO = C,H, + CO + CO 1.00E + 13 0.0 0.0 [26]
261. HCCO + OH = C,0 + H,0 3.00E + 13 0.0 0.0 [26]
262. C,O+ H=CH+ CO 1.00E + 13 0.0 0.0 [26]
263. C,O + O =CO + CO 5.00E + 13 0.0 0.0 [26]
264. CO+ OH=CO+ CO+H 2.00E + 13 0.0 0.0 [26]
265. CO+0,=CO+CO+0O 2.00E + 13 0.0 0.0 [26]
C; HYDROCARBON SUBMECHANISM

266. CiHg(+M) = C,Hs + CHy(+M) 7.90E + 22 -18 88629.0 [26]

Low pressure limit: 7.24E + 27 —2.88 67448.0

Troe Parameters. a = 1.0, T*** = 1.0E — 15,

T* = 1500.0, T** = 1.0E + 15

Enhanced Third Body Efficiencies:

H,O0 = 5.0, H, = 2.0, CO, = 3.0, CO = 2.0
267. C;Hg + HO, = NC;H; + H,0, 4.76E + 04 255 16492.0 [26]
268. C;Hg + HO, = IC;H; + H,0, 9.64E + 03 2.6 13909.0 [26]
269. C;Hg + OH = NC;H, + H,0O 3.16E + 07 18 934.0 [26]
270. CjHg + OH = IC;H; + H,0O 7.08E + 06 19 —159.0 [26]
271. C;Hg + O = NC;H,; + OH 3.73E + 06 24 5504.0 [26]
272. CHg + O = IC;H, + OH 5.48E + 05 25 3139.0 [26]
273. CHg + H = IC;H, + H, 1.30E + 06 24 4471.0 [26]
274. CsHg + H = NC;H, + H, 1.33E + 06 254 6756.0 [26]
275. CsHg + CHy; = NC,H, + CH, 9.04E — 01 3.65 7153.0 [26]
276. C;Hg + CH; = IC;H, + CH, 1.51E + 00 3.46 5480.0 [26]
277. C4Hg + C,H; = IC;H, + C,H, 1.00E + 03 31 8830.0 [26]
278. CsHg + C,H; = NC;H, + C,H, 6.00E + 02 33 10500.0 [26]
279. C;Hg + C,Hs = IC;H, + CHg 1.51E + 00 3.46 7470.0 [26]
280. C;Hg + C,Hs = NC;H, + C,Hg 9.03E — 01 3.65 9140.0 [26]
281. CjHg + AC;Hs = CHg + NC3H, 2.35E + 02 33 19842.0 [26]
282. C;Hg + AC;Hs = C;Hg + IC;H, 7.83E + 01 33 18169.0 [26]
283. NC;H,(+M) = C,H, + CH,(+M) 1.23E + 13 -0.1 30202.0 [26]

Low pressure limit: 5.49E + 49 —10.0 35766.0 [26]

Troe Parameters: a = 2.17, T*** = 1.0E — 15,

* = 251.0, T** = 1185.0

Enhanced Third Body Efficiencies:

H,0 = 5.0, H, = 2.0, CO, = 3.0,CO = 2.0
284. CjHg + H(+M) = IC;H,(+M) 5.70E + 09 1.16 874.0 [26]

Low pressure limit: 1.64E + 54 —-111 9364.0

Troe Parameters. a = 1.0, T*** = 1.0E — 15,

* = 260.0, T** = 3000.0

Enhanced Third Body Efficiencies:

H,0 = 5.0, H, = 2.0, CO, = 3.0,CO = 2.0
285. NC;H, + O, = C;Hg + H,0, 1.88E + 20 —2.69 7109.0 [72]
286. IC;H; + O, = CHg + H,0, 3.83E + 26 —4.44 7724.0 [72]
287. IC;H, + H = C,Hg + CH, 5.00E + 13 0.0 0.0 [26]
288. NC;H, + H = C,Hg + CH, 1.00E + 14 0.0 0.0 [26]
289. NC;H; + HO, = C;H; + O, 3.00E + 12 0.0 0.0 (u)
290. IC;H; + HO, = CHg + O, 3.00E + 12 0.0 0.0 (u)

(Continued)
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Reaction A b E, Reference
291. PCH* + H = C3Hgq 1.00E + 14 0.0 0.0 [26]
292. SC,Hs* + H = C3H, 1.00E + 14 0.0 0.0 [26]
293. C;Hg = C,H, + CH, 2.50E + 12 0.0 70000.0 [26]
294, C;Hg = ACH,F + H, 3.00E + 13 0.0 80000.0 [26]
295. C;Hg + HO, = AC;Hs + H,0, 9.64E + 03 2.6 13910.0 [26]
296. C;Hg + OH = AC;Hs + H,0O 3.12E + 06 2.0 —298.0 [26]
297. CsHg + OH = SC,H; + H,0 1.11E + 06 20 1451.0 [26]
298. C;Hg + OH = PC;Hs + H,0O 2.11E + 06 2.0 2778.0 [26]
299. CjHg + O = CH,CHCO + H + H 5.01E + 07 1.76 76.0 [26]
300. C;Hg + O = C,Hs + HCO 1.58E + 07 1.76 —1216.0 [26]
301. C;Hg + O = AC,H; + OH 5.24E + 11 0.7 5884.0 [26]
302. C;Hg + O = PC;H; + OH 1.20E + 11 0.7 8959.0 [26]
303. C;Hg + O = SC;Hs + OH 6.03E + 10 0.7 7632.0 [26]
304. C;Hg + H = C,H, + CH,4 7.23E + 12 0.0 1302.0 [26]
305. C;Hg + H = ACHs + H, 1.73E + 05 25 2492.0 [26]
306. C;Hg + H = SC;Hs + H, 4.09E + 05 25 9794.0 [26]
307. CjHg + H = PCHs + H, 8.04E + 05 25 12284.0 [26]
308. C;Hg + CH; = AC,Hg + CH, 2.22E + 00 35 5675.0 [26]
309. C;Hg + CH; = SC;Hg + CH, 8.43E — 01 35 11656.0 [26]
310. C;Hg + CH; = PC;Hg + CH, 1.35E + 00 35 12848.0 [26]
311. C;Hg + HCO = AC,Hs + CH,0 1.08E + 07 1.9 17010.0 [26]
312. CH,CHCO + OH = CH,CHCO + H,0O 4.00E + 06 2.0 0.0 [26]
313. CH,CHCO + O = CH,CHCO + OH 7.60E + 08 15 8500.0 [26]
314. CH,CHCO + H = CH,CHCO + H, 2.00E + 05 25 2500.0 [26]
315 CH,CHCO + H = C,Hg + CO 2.00E + 13 0.0 2000.0 [26]
316. CH,CHCO + O = CH; + HCO + CO 3.00E + 07 2.0 0.0 [26]
317. CH,CHCHO + OH = CH,CHCO + H,O 1.00E + 13 0.0 0.0 [26]
318. CH,CHCHO + O = CH,CHCO + OH 7.24E + 12 0.0 1970.0 [26]
319. CH,CHCHO + O = CH,CO + HCO + H 5.01E + 07 1.76 76.0 [26]
320. CH,CHCHO + H = CH,CHCO + H, 3.98E + 13 0.0 4200.0 [26]
321. CH,CHCHO + H = C,H, + HCO 2.00E + 13 0.0 3500.0 [26]
322. CH,CHCHO + O, = CH,CHCO + HO, 3.00E + 13 0.0 36000.0 [26]
323. CH,CHCO = C,H; + CO 1.00E + 14 0.0 34000.0 [26]
324. CH,CHCO + O = C,H; + CO, 1.00E + 14 0.0 0.0 [26]
325. AC;H; + O, = CH,CHCHO + OH 1.82E + 13 -041 22859.0 [26]
326. AC;Hs + O, = AC;H, + HO, 4.99E + 15 —-14 22428.0 [26]
327. AC;Hg + O, = CH,HCO + CH,0O 1.06E + 10 0.34 12838.0 [26]
328. AC;H; + O, = C,H, + CH,O + OH 2.78E + 25 -4.8 15468.0 [26]
329. AC;Hs + HO, = CH,CHCH,O + OH 1.00E + 13 0.0 0.0 [26]
330. AC;Hs + HO, = C;Hg + O, 3.00E + 12 0.0 0.0 [75]
331. AC;Hs + OH = AC;H, + H,O 1.00E + 13 0.0 0.0 [26]
332. AC;Hs + H = AC,H, + H, 5.00E + 13 0.0 0.0 [26]
333. AC;Hg + H = CjHq 1.88E + 26 -3.6 5468.0 [26]
334. AC;H; + O = CH,CHCHO + H 181E + 14 0.0 0.0 [26]
335. AC;H; + CH; = AC,H, + CH, 3.02E + 12 -0.32 —-131.0 [26]
336. PC,Hs + O, = CH;HCO + HCO 1.09E + 23 -3.29 3892.0 [26]
337. PC;Hg + O, = CH,CHCO + H + O 1.60E + 15 -0.78 3135.0 [26]
338. PC;Hs + O = CH,CHCO + H 1.00E + 14 0.0 0.0 [26]
339. PC,Hg + H = PC,H, + H, 2.00E + 13 0.0 0.0 [26]
340. PC;H; + OH = PC,H, + H,0O 1.00E + 13 0.0 0.0 [26]
341. PC,Hs + H = AC;Hs + H 1.00E + 14 0.0 0.0 [26]
342. SC,Hg + H = AC;H; + H 1.00E + 14 0.0 0.0 [26]
343. SC;Hs + O, = CH,CO + CH,O 1.09E + 22 -3.29 3892.0 [26]
344. SCHs + O = CH,CO + CH, 1.00E + 14 0.0 0.0 [26]

(Continued)
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Table I (Continued)

Reaction A b E, Reference
345. SC,Hs + H = PCH, + H, 4.00E + 13 0.0 00  [26]
346. SC;Hs; + OH = PC,H, + H,O 2.00E + 13 0.0 00 [26]
347. CH,CHCH,O + O, = CH,CHCHO + HO, 4.00E + 10 0.0 11000  (a)
348. CH,CHCH,O + CO = AC;H; + CO, 4.68E + 02 3.16 5380.0 (@)
349. CH,CHCH,O + H = AC,H, + H,0 3.00E + 13 0.0 00 (@@
350. CH,CHCHO + H(+M) = CH,CHCH,O(+ M) 5.40E + 11 0.454 26000 ()
Low pressure limit: 1.50E + 30 —4.80 5560.0
Troe Parameters. a = 0.78, T*** = 94.,
T* = 1555., T** = 4200.
Enhanced Third Body Efficiencies:
H,0 = 5.0,
351. AC;H, + H = H,CCCH + H, 2.00E + 07 2.0 5000.0  [29]
352. AC;H, + O = C,H, + CO 1.34E + 07 1.88 1790  [26]
353. AC;H, + OH = H,CCCH + H,O 1.00E + 07 2.0 1000.0 [29]
354. AC,H, + CH, = H,CCCH + CH, 1.50E + 00 35 5600.0  [26]
355. AC;H, = PC,H, 1.48E + 13 0.0 60401.0  [29]
356. PC;H, + H = H,CCCH + H, 2.00E + 07 2.0 5000.0 [29]
357. PC;H, + O = C,H, + CO 1.50E + 13 0.0 21020  [26]
358. PC,H, + OH = H,CCCH + H,0O 1.00E + 07 2.0 10000  [29]
359. PC;H, + CH; = H,CCCH + CH, 1.50E + 00 35 5600.0 [26]
360. PC;H, + H = CH; + C,H, 5.12E + 10 1.0 2060.0  [29]
361. PC,H, + H(+M) = SCH(+ M) 6.50E + 12 0.0 2000.0  [26]
Low pressure limit: 8.45E + 39 —-7.27 6577.0
362. AC;H, + H(+M) = AC,Hy(+M) 1.20E + 11 0.69 3007.0  [26]
Low pressure limit: 5.56E + 33 —50 4448.0
363. AC,H, + H(+M) = SC;Hs(+M) 8.49E + 12 0.0 20000  [26]
Low pressure limit: 1.11E + 34 —50 4448.0
364. H,CCCH + O, = CH,CO + HCO 3.00E + 10 0.0 2868.0 [26]
365. H,CCCH + O = CH,O + C,H 140E + 14 0.0 0.0 [75]
366. H,CCCH + H = C;H, + H, 5.00E + 13 0.0 10000  [75]
367. H,CCCH + OH = C;H, + H,0 2.00E + 13 0.0 00  [26]
368. H,CCCH + H(+M) = AC,H,(+M) 1.66E + 15 -0.37 00 [25]
Low pressure limit: 3.36E + 45 —8.52 6293.0
Enhanced Third Body Efficiencies:
H,0 = 5.0, H, = 2.0, CO, = 3.0, CO = 2.0
0, = 2.0,C,H, = 2.0
369. H,CCCH + H(+M) = PC;H,(+ M) 1.66E + 15 -0.37 00 [25]
Low pressure limit: 8.78E + 45 -89 7974.0
Enhanced Third Body Efficiencies:
H,0 = 5.0, H, = 2.0, CO, = 3.0, CO = 2.0
0, = 2.0, C,H, = 2.0
(Continued)
tion found for each model compound were used and the K /K, = R1 D
overall .meesured rate conSant was implemented as a bib,K, /K. = R2 @
congtraint for H-atom abstraction from ethanol. There- P
action path degeneracy associated with the number of Kp = KoveratRZ((LR1) + R2 + 1) (3)
H-atoms available for abstraction between ethanol and
the model compounds were included in the branching Ks = Kovera/((UR1) + R2 + 1) (4)
retio calculations. The equations used in the branching K, = (Koaa/RD/I((URL) + R2 + 1) (5)
ratio determination for C,H;OH + X <> Products re-
actions are shown below: Koverat = Kp + K + K, (6)
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Table I (Continued)

Reaction A b E, Reference
370. C;H, + O, = HCCO + CO + H 2.00E + 12 0.0 1000.0 [75]
371. CH, + O = C,H, + CO 1.00E + 14 0.0 0.0 [75]
372. CH, + OH = C,H, + HCO 5.00E + 13 0.0 0.0 [25]

“ — " indicates reverse rate not included.

«Fall-off reaction in the Lindemann—Hinshelwood form:
k= k[M]/(1 + k[M]/k,)

A Fall-off reaction in the Troe form:
(k = k[M]/(1 + k[M]/k.)) F
logF = (1 + («k/(N — d k) *10g Feeris k = log(k,[M]/k.) + C
C=-04-067log Fey; N =0.75 — 1.27 log Fee; d = 0.14
Feet = (1 — @ exp(—T/T***) + aexp(— T/T*) + exp(—T**/T)

*CH,(S)(*CH,); iCH; (iso-CsH,, CHLCHCH,); nCH, (n-C;H, CH,CH,CH,); aCsHs (alyl, CH,CHCH,); pC;Hs (2-methylvinyl,
HCCHCHj); sC;H; (1-methylvinyl, CH,CCH,); aC;H, (allene, H,CCCH,); pC;H, (propyne, H;CCCH).

(a) Estimate

(b) RRKM/Master Equation analysis performed using UNIMOL program [50].

(c) Input parameters obtained from Walch [59] for RRKM/Master Equation analysis. Calculations were performed for the 2000—2000K
temperature range with an applied energy transfer value of <AE>,,,, = 500 cm~.

(d) Barrier height obtained from [76].

(e) Analogy to CH;OH + X = CH,0 + XH reaction where X = {OH,H}.

(f) Analogy to CH;CHO + X = CH,CO + XH reaction where X = {OH,H,CH;,HO,,0} .

(g) See text.

(h) See text. Overall rate expression for C,H;OH + OH = Productsis 3.21E10 T°72 cm®/mol/sec [39,43].

(i) See text. Applied T2© fit to the low temperature data of Aders and Wagner [77] for C,H;OH + H = Products rate expression extrap-
olation to high temperatures.

(j) See text. Overall rate expression for C,HsOH + O = Products is 6.0E5 T4 exp(— 931 k/T) cm®/mol/sec [78]. Branching ratio of 0.351
exp(1489 K/T) [78] was used for Ke,igom+ o= chscron+ on/Kesreon+ o= cracrzon+on SINCE NO rate constant measurements exist for the
CH;OH + O = CH;O + OH reaction.

(k) Applied T332 fit to the low temperature data of Gray and Herod [42] for C,H;OH + CH; = Products rate expression extrapolation to
high temperatures. The rate expressions from curve B are 1.6E2 T32* exp(—4869 K/T) cm3¥mol/sec for C,H;OH + CH; = C,H,OH +
CH,; 8.37E2 T39% exp(— 4027 K/T) cm3/mol/sec for C,H;OH + CH; = CH;CHOH + CH,; and 3.62E2 T2% exp(— 3908 K/T) cm®/mol/sec
for C,HsOH + CH; = CH,CH,O + CH,.

(I) Analogy to CH;O + CO reaction.

(m) Anaogy to CH,OH + O, reaction.

(n) A-factor reduced by a factor of 1.5.

(o) Branching ratios were obtained by treating the relative rates of H-atom abstraction as described in the text. The rate expressions used
for aldehydic H-atom (CH,0) abstraction and secondary H-atom (C;Hg) abstraction were respectively taken from Baulch [79] and Marinov
[26]. Model compounds selected were formaldehyde (CH,O) and propane (C;Hg).

(p) Overal rate expression for CH;HCO + O = Products is 5.84E12 exp(— 910 K/T) cm3/mol/sec [79].

(q) Overadl rate expression for CH;HCO + H = Products is 4.095E9 T*6 exp(— 1210 K/T) cm®/mol/sec [79].

(r) Overall rate expression for CH;HCO + CH,; = Productsis 1.987E — 6 T56¢ exp(— 1240 K/T) cm®/mol/sec [79].

(s) Overdll rate expression for CH;HCO + HO, = Productsis 3.01E12 exp(— 6000 K/T) cm3/mol/sec [79].

(t) Analogy to CH; + HO, = CH,0 + OH.

(v) Anaogy to CH; + HO, = CH, + O, [65] and a C;Hs + Hg + HO, = C;Hg + O, [74].

Kom = rate constant for abstracting a primary hy- K, = rate constant for abstracting a secondary hy-
drogen (H,) in the model compound (e.g., drogen (HJ) in ethanol
propane) K, = rate constant for abstracting a hydrogen from
K4, = rate constant for abstracting a secondary hy- the hydroxyl (OH) group (H,) in ethanol
drogen (Hy in the model compound (e.g., a, = The number of hydrogens found on the hy-
propane and methanol) droxyl group (H,) divided by the number of
K,m = rate constant for abstracting ahydrogen from secondary hydrogens (H) in the model com-
the hydroxyl group (H,) in the model com- pound (e.g., methanol)
pound (e.g., methanol) & = Thenumber of secondary hydrogens (H,) di-
K, = rate constant for abstracting a primary hy- vided by the number of hydrogens found on

drogen (H,) in ethanol the hydroxyl group (H,) in ethanol
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Table I Thermodynamic Properties for Selected Species Units: kcal/mol for AH;, cal/mol/K for S and C,
Species  AH,(298 K) S(298 K) C,(300 K) C,(400 K) C,(500 K) C,(600K) C,(800 K) C,(1000 K) C,(2500 K)

HO, 3.50 54.770) 8.40® 8.92 9.42 9.90 10.72 11.34 12.09
CH,®@ 93.50 46.71 8.19 8.57 8.93 9.28 9.93 10.52 11.75
CHy(9)@ 102.50 45.10 7.91 8.33 8.72 9.11 9.83 10.49 11.86
CH,OH —2.10@  58.87® 11.320 12.94 14.38 15.62 17.54 18.79 20.95
C,H® 135.0 49.55 8.90 9.63 10.22 10.72 11.54 12.18 13.31
C,H,@ 70.40 55.50 9.88 11.37 12.82 14.20 16.70 18.74 21.83
C,H:@ 28.73 59.02 11.85 14.44 16.81 18.98 22.70 25.64 30.20
HCOH® 23.33 55.42 9.83 12.88 15.17 16.85 18.89 10.84 20.65
HCOOH® —90.47 59.47 10.95 13.04 14.96 16.68 19.44 21.37 23.47
CH,HCO® 6.00 64.00 13.18 15.15 16.96 18.60 21.30 23.34 26.35
CHOCHO® —50.60 68.16 14.90 17.51 19.69 21.48 24.15 25.89 28.10
HOC,H,0,® —38.60 84.71 21.34 24.77 27.71 30.25 34.42 37.74 43.67
IC;H,@ 21.51 68.88 16.90 20.76 2451 27.81 33.39 37.73 44.35
NC;H,@ 24.05 69.16 17.18 21.71 25.54 28.81 34.00 3791 44.36
AC,H@ 38.64 64.73 16.07 19.55 22.72 25.53 29.99 32.89 37.43
PC,H;@ 64.75 68.74 15.54 18.56 21.44 24.12 28.65 31.68 36.13
SC,H®@ 61.09 69.24 15.45 18.38 21.21 23.89 28.50 31.61 36.09
CH,CHCH,0®@ 22.40 69.59 17.12 21.25 24.75 27.73 32.39 36.44 41.11
CH,CHCHO®  —16.05 67.40 16.37 20.06 23.20 25.86 29.99 32.94 37.18
CH,CHCO®@ 14.85 68.08 15.24 18.46 21.15 23.38 26.79 29.15 3251
CH,CHCO®@ —20.06 67.75 17.63 20.72 23.39 25.71 29.42 32.19 36.43
PC,H,@ 45.77 58.89 14.52 17.06 19.40 21.54 25.16 27.90 31.79
AC,H,@ 47.63 57.94 14.25 16.97 19.46 21.71 25.45 28.20 32.06
H,CCCH®@ 83.04 61.48 15.84 17.74 19.48 21.01 23.43 25.01 27.55
C;H,@ 129.6 64.81 14.93 16.10 16.91 17.55 18.72 19.74 21.22
C,H;OH® —56.15 67.05 15.67 19.31 22.84 25.96 30.59 34.15 39.53
C,H,OH® —-8.20 68.19 15.48 18.84 21.70 2411 27.87 30.58 34.73
CH;CHOH® —10.30 62.69 14.64 17.64 20.37 22.84 26.98 30.13 34.72
CH,CH,0® —-4.10 62.21 14.08 17.72 20.85 23.53 27.75 30.80 35.32

TaC;Hs (allyl, CH,CHCH,); pCsHs (n-CsHs, 1-propenyl, CH;CHCH); sC;H; (i-C5Hs, 2-propenyl, CH,CCH,);
@ (Marinov, [26]) ® (CHEMKIN Thermodynamic Database, [32]) © See Text (@ [81] © (Burcat and McBride, [33]) ® Group Additivity/

Difference method

b, = The number of secondary hydrogens (H,) di-
vided by the number of primary hydrogens
(Hp) in the model compound (e.g., propane)

b, = The number of primary hydrogens (H,) di-
vided by the number of secondary hydrogens
(Hy in ethanol

R1 = ratio of rate constants from the model com-
pound (e.g., methanol) corrected for the
number of H-atoms available for abstraction
in ethanol

R2 = ratio of rate constants from the model com-
pound (e.g., propane) corrected for the num-
ber of H-atoms available for abstraction in
ethanol

Koverar = the total rate constant for C,H:OH + X <>

Products, where X = {OH, O, H, and
CHg}

A sample calculation is presented to walk the reader
through the several steps required in this branching
ratio estimation method. The overall rate expression
for C,H;OH + OH <> Products was obtained by us-
ing the rate coefficient measurements of Hess and
Tully [39] in the 293—750 K temperature range and
the shock tube results of Bott and Cohen [43] around
1200 K. The curve fitted rate expression of (Kgyeai =)
3.21E10 T°72 cm3/mol/sec was obtained from the data
acquired in the two studies, where T is temperature in
units of Kelvin. The relative branching ratio between
the secondary hydrogen and the hydrogen on the hy-
droxyl group in ethanol was obtained with methanol
as the model compound. Tsang [44] performed a de-
tailed literature review and theoretical analysis work
on the CH;OH + OH <> Products reaction. The
branching ratio expression obtained from the Tsang
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study for CHLOH + OH <> CH,OH + H,O and
CH.OH + OH <> CH,0 + H,0 was (Kg/Kyn =)
0.2703 exp (1020 K/T). The ratio of the rate con-
stants from the methanol model compound corrected
for the number of H-atoms available (i.e., a, = 1/3, &,
= 2/1) for abstraction in ethanol yields (R1 = )
(1/3)(2/1)(0.2703 exp(1020K/T)) or 0.4055 exp(1020
K/T). Therelative branching ratio between the primary
and secondary hydrogensin ethanol was obtained with
propane as the model compound. Cohen [45] per-
formed a detailed literature review and theoretical
analysis work on the C;Hg + OH <> Products reac-
tion. The rate expressions obtained from the Cohen
study for C;Hg + OH <> nC;H, + H,O and C;Hg +
OH <> iC;H; + H,O were (K, =) 3.16E7 T8 exp
(=470 K/T) cm3/mol/sec and (Kg, =) 7.08E6 T
exp(80 K/T) cm3/mol/sec, respectively. The ratio of
the rate constants from the propane model compound
corrected for the number of H-atoms available for ab-
straction in ethanol yields (R2 = ) (2/6)(3/2)
(4.463E0 T-°1° exp(—550 K/T)) or 2.2315E0 T-°1°
exp(—550 K/T). This information alows equations
(3)—(5) to be solved, and the rate constants and
branching ratios are obtained for the three distinct sites
of H-atom abstraction from ethanol by the OH radical.

C,H,OH + OH — Products

The calculated branching ratio values (i.e., K /Kqyerai,
KK gverar: @aNd K /K 1) @€ shown in Figure 2 along
with the direct measurements and indirect determina-
tions of the branching ratios for the C,H;OH +
OH <> Products reaction. The numerical results show
a branching ratio value for KJ/Kyea =
kCszoH +OH<—>CH30HOH+H20/k0veraII of 0.72 at 300 K. This
valueisin very good agreement with thedirect product
study of Meier et al. [38]. Meier used mass spectrom-
etry to show that C,H;OH + OH <> CH,CHOH +
H,O accounted for 75 + 15% of the overall reaction
rate at 300 K. Around 600 K, Hess and Tully [39]
monitored the decay rates of 80OH and '°OH radicals
in the presence of ethanol (C,Hs°OH) to determine
the rate constant contribution from C,H;OH +
OH <> C,H,OH (or CH,CH,OH) + H,O. This prod-
uct channel lead to the formation of CH,CH,*OH
whereupon the 6OH radical is regenerated by the fast
dissociation reaction CH,CH,**OH <> C,H, + 60OH.
They found the measured rate constant for the reaction
of 1¥0H radical with ethanol is ca. 18% higher than
that measured for the °*OH reaction with ethanol.
Therefore, the C,H;OH + OH < C,H,OH + H,O
product channel accounted for approximately 15%—
20% of the total rate constant. This study’s branching
ratio determination at 600K suggests a value around
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Figure2 TheC,H;OH + OH <> Products branching ratio
values are calculated per text discussion for the 300—2000
K temperature range. Solid symbols refer to experimental
data, open symbols refer to chemical kinetic modeling/in-
direct determination of the branching ratios. Squares are
CH,CHOH branching ratio data. Circles are C,H,OH
branching ratio data. Diamonds are CH;CH,O branching ra-
tio data.

19% for KyKoear = Kepmson -+ ones corson + Hyo/ Koveral
that is in excellent agreement to the Hess and Tully

experimental finding. Two indirect determinations of
the branching ratios for C,H;OH + OH <> Products
were presented by Bott and Cohen [43], and Norton
and Dryer [6]. Bott and Cohen performed transition
state theory (TST) calculations by constraining the
branching flux at 298 K for the C,H;OH + OH <>
CH,;CHOH + H,O channel at 75%, and assuming
C,H;OH + OH <> CH,CH,O + H,O has a similar
activation energy barrier as CH;OH + OH <>
CH,O + H,O. The constrained TST calculations
showed C,H,OH + OH producing C,H,OH:
CH,;CHOH:CH,CH,O products by the approximate
split of 30%:56%:14% at 600 K and 30%:46%:24%
in the 1000—1200 K temperature range. The Bott and
Cohen theoretical determination of the C,H:OH +
OH <> C,H,0OH + H,0 branching ratio at 600 K ov-
erpredicted the Hess and Tully measurement by afac-
tor of 1.5-2.0. However, their high temperature
branching ratios agree with the numerical modeling
work on flow reactor ethanol oxidation kinetics by
Norton and Dryer (30%:50%:20% at 1100 K). This
study’ s branching ratio value of ca. 17% at 1100 K for
C,H;OH + OH <> C,H,OH + H,O is approximately
a factor of two lower than the Bott and Cohen, and
Norton and Dryer branching ratio determinations.
There is aso a fairly large discrepancy between the
branching values selected for the CH;CHOH and
CH,CH,O product channels as well. This study
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Figure 3 The C,H;OH + O <> Products branching ratio
values as calculated per text discussion for the 300—2000 K
temperature range. Solid symbols refer to experimental data,
open symbolsrefer to chemical kinetic modeling/indirect de-
termination of the branching ratios. Squares are CH,CHOH
branching ratio data. Circles are C,H,OH branching ratio
data. Diamonds are CH;CH,O branching ratio data.

advocates the dominance of the CH,CH,O product
channel at high temperatures with branching ratio val-
ues of ca. 55—65% in the 1000—2000 K temperature
range, and a small relative contribution from the
CH,CHOH product channel of ca 19-27% in the
1000—2000 K temperature range. The extrapolated
C,H;OH + OH <> C,H,0OH + H,O branching ratio
values to the high temperature condition are consid-
ered to be reliable.

C,H,OH + O — Products

In Figure 3, the branching ratio values are shown for
the C,H;OH + O <> Products reaction. Direct mea-
surements and indirect determinations of the branching
ratios are also noted for comparison. The numerical re-
sults at 300 K indicate branching ratio values of 0.98

for KpIKoverdI = I(CQH5OH-¢-O <> CH3CHOH +H20/koverall and
0.02 for K/Koverai = Keorgor+0 < cracHy0+ Hao Koveral-
These values are in very good agreement with the di-

rect product study of Washida [40]. Washida used
photoionization mass spectrometry to show that
C,H;OH + O <> CH,;CHOH + OH and C,H;OH +
O <> CH,CH,0 + OH accounted for 98—100% and
0.0—2.0% respectively of the overal rate of reaction
at 300 K. In another study, Dutton and co-workers[41]
examined the relative importance of the H-atom ab-
straction sites between the O—H and C—H groups
in ethanol. They used laser-induced fluorescence un-
der crossed-molecular beam conditions to determine
the C,HsOH + O branching ratio. The C,H:OD + O
reaction was studied by monitoring the OH and

OD fluorescence signals, and by knowing the OH and
OD transition probabilitiestherelative reactivity of the
abstractable H-atom sties could be determined. Their
work indicated that H-atom abstraction from the hy-
droxyl group by O-atom was 2.2 timesfaster than from
the C—H group at atranslational temperature of 3500
K. However, these results must be corrected as an ad-
ditional source of OD would be produced through the
reaction sequence of C,H;OD + O <> CH,CH,OD +
OH and CH,CH,OD <> C,H, + OD as previously
noted by Hess and Tully’'s mechanistic studies of
C,H,OH <> C,H, + OH above 500 K. This implies
that H-atom abstraction from the hydroxyl group by
O-atom is approximately 1.2 times faster than abstrac-
tion from the C—H group at 3500 K. The empirical
approach shows very good agreement with the Dutton
branching ratio for the CH,CH,O channel at 3500 K
and suggests confidence in this study’s C,H;OH +
O <> CH,CH,O + OH branching ratios over the
300—-3500 K temperature range. Indirect studies on
the C,H:OH + O branching ratios were conducted in
the 343—-413K temperature range by Avramenko and
Kolensikova [46] and at 923 K by Nabandyan
et a. [47]. Avramenko determined that the
C,H,OH:CH;CHOH:CH;CH,O product ratio varied
from 35%:48%:17% at 343 K t0 28%:42%:30% at 413
K in their brief communications paper. Nalbandyan
indicated a product ratio of 47%:39%:14% at 923 K.
These results do not compare well with this study’s
empirically derived branching ratios.

C,H,OH + CH; — Products

There has been one direct and indirect study on the
role of methyl radical abstracting an H-atom from the
three specific abstraction sites of ethanol. Gray and
Herod [42] measured the rates of methyl radical attack
on the H-atom sitesfound in the hydroxyl and the akyl
groups in ethanol by examining three isotopically dif-
ferent ethanol’s. They found the methylene group was
the most reactive site, and the methyl group was the
least reactive site at 423 K. Their results showed
branching ratios of 5%:75%:20% corresponding to
C,H,OH:CH,CHOH:CH,CH,O formation. In this
study, fair agreement of the empirically derived
branching ratios to the Gray and Herod direct study is
shown as curve B in Figure 4. A branching ratio of
13%:60%:27% for C,H,OH:CH,CHOH:CH,CH,O
formation at 423 K was calculated. However, the cal-
culated branching fraction to the CH;,CHOH + CH,
products is outside the error bound prescribed by this
study for the Gray and Herod measurement, and fur-
ther improvement is suggested. A new branching ratio
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Figure4 The C,H;OH + CH; <> Products branching ra-
tio values as calcul ated per text discussion for the 300—2000
K temperature range. Solid symbols refer to experimental
data, open symbols refer to chemical kinetic modeling/in-
direct determination of the branching ratios. Squares are
CH,CHOH branching ratio data. Circles are C,H,OH
branching ratio data. Diamonds are CH,CH,O branching ra-
tio data.

evauation, shown as curve A, used the ki ,,/K4s (See
Table I1) ratio from the low temperature rate constant
measurements of Gray and Herod [42]. The curve A
results show (1) better agreement with Gray and Herod
measured branching ratios, (2) the C,H;OH +
CH; <> CH,CH,0O + CH, branching fraction remains
essentially the same as curve B, and that (3) a 0.10—
0.15 change in value between curve A and B is found
for the other two channels especially at the higher tem-
peratures.

The detailed chemical kinetic modeling work on
ethanol pyrolysisin a static reactor by Borisov et al.
[5] showed the C,H;OH + CH; <> Products reaction
was important for describing the product profiles mea-
sured at nearly one atmosphere and 800—1100 K. Best
agreement with the product profiles was obtained
when using branching ratios of 76%:19%:5% for
C,H,OH:CH,CHOH:CH,CH,O at 950 K. Thisstudy’s
branching ratio value of ca. 28% (curve A) at 950 K
for Kp/Koverall = kC2H50H+CH3 < C2H4OH+CH4/k0vera|I is in
poor agreement with the 76% branching ratio value
determined by Borisov. This disagreement is due to
the omission of the C,H;OH(+M) <> CH, +
H,O(+M) reaction in the Borisov detailed chemical
kinetic model. The inclusion of the ethanol dehydra-
tion reaction to the Borisov mechanism would bring
their  branching fraction for  Keuon:chs <
CaHaoH + CHA KeaHsoH + g < Produs 1N liNe - with  this
study’s value.

This study recommends using the calculated
branching ratios as shown in curve A in Figure 4. The
curve A representation is preferred as the Gray and

Herod branching ratio measurement was reproduced,
and suggests some degree of credibility to the extrap-
olated values at elevated temperatures. The
C,HsOH + CH; <> CH,CH,O + CH, branching ra-
tio valuesin curve A or B are very similar especially
at elevated temperatures, and these branching ratios
are considered to be reliable. Further measurements at
higher temperatures would help confirm these branch-
ing ratio choices.

C,H,OH + H — Products

The branching ratio estimation procedure was also
adopted for H-abstraction reactions involving
C,H;OH and H-atom. There have been no direct
branching ratio studies for CH;OH + H <
Products, although Norton and Dryer provide an in-
direct branching ratio determination from chemical ki-
netic modeling. Their modeling efforts showed a
branching ratio of 30%:50%:20% for
C,H:0OH:CH;CHOH:CH,;CH,O formation at 1100 K.
Figure 5 shows a branching ratio value of 26%0:54%:
20% at 1100 K that isin fortuitous agreement with the
Norton and Dryer branching ratio findings.

C,H,OH + HO, — Products

The branching ratio estimation procedure could not be
carried out for the H-abstraction reactions involving
C,H:OH and the HO, radical. This is due to a lack
of rate constant measurements for the overall
C,H;OH + HO, <> Products reaction, and a lack of
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Figure 5 The C,H;OH + H <> Products branching ratio
values as calculated per text discussion for the 300—2000 K
temperature range. Solid symbolsrefer to experimental data,
open symbolsrefer to chemical kinetic modeling/indirect de-
termination of the branching ratios. Squares are CH,CHOH
branching ratio data. Circles are C,H,OH branching ratio
data. Diamonds are CH,CH,O branching ratio data.
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rate constant measurements for the model compound
reaction, CH,OH + HO, <> CH,0 + H,0,. Instead,
this study assumed rate expression assignments to
C,H;OH + HO, <> CH,CHOH + H,0, and
C,HsOH + HO, < C,H,OH + H,0, as 8.20E + 3
T25 exp(—5410 K/T) cm3mol/sec and 1.23E + 4
T255 exp(—7927 K/T) cm3mol/sec, respectively. In
absence of direct rate constant measurements, these
estimates are highly uncertain.

The C,H;OH + HO, <> CH;CHOH + H,0O, rate
expression was developed by assuming this reaction
had rate constants similar to the CH,OH + HO, <
CH,OH + H,0, reaction. The T2 expression was
taken from Tsang's analysis of C;Hg + HO, <>
Products [48] and i-C,H,, + HO, <> Products [49].
The remaining parameters were selected to fit the
CH;OH + HO, <> CH,OH + H,0, rate constants in
the 750—900 K temperature range. The CH;OH +
HO, <> CH,OH + H,O, rate constants were taken
from Held and Dryer’s high pressure methanol oxi-
dation modeling study [82]. The C,H:OH + HO, <>
C,H,OH + H,0O, rate expression was based on the
rate expression of C,H;OH + HO, <> CH,CHOH +
H,O,. A probable error of +3.0 kcal/mal is attributed

to the activation energy for C,H,OH + HO, <>
C,H,OH + H,0,.

RRKM/Master Equation Calculations for
the Ethanol Decomposition Reactions

In order to determine the degree of faloff and the es-
timate of the high pressure limit rate constant for
the C,H;OH(+M) <> CH,OH + CH4(+M) and
C,H:OH(+M) <> C,H; + OH(+M) bond fission re-
actions, RRKM/Master equation theory calculations
[50] were performed using the hindered rotational
Gorin Model [51]. The Gorin model assumes that the
internal modes of the transition state are vibrationsand
rotations of the separated radical fragments, and the
four low frequency bending modes associated with the
breaking bond are considered to be two 2-dimensional
hindered rotations of the independent radical frag-
ments. The transition state is located at the top of the
centrifugal barrier. The vibration frequencies and mo-
ments of inertia for ethanol were obtained from the
thermodynamic properties study by Green [52]. The
transition state vibrational frequenciesfor C— C bond
fission were assigned by using the frequencies of the

Table III Molecular and Transition State Properties Used in RRKM/Master Equation Analysis of the C,H;OH <>
CH,; + CH,OH and C,H;OH <> C,H; + OH Decomposition Reactions

C,HsOH < CH; + CH,OH
Transition State: CH;-CH,OH
Critical Energy: 86.7 kcal/mol2

Frequencies (degeneracy): 573,607,950,1091, 1341,1396(2),1459,1623,2844,3960,3044,3162(2),3650°
Inactive External Rotation (cm~1): 0.104 (symmetry = 1,dimension = 2)

Active External Rotation (cm)—1): 0.696 (symmetry = 1,dimension = 1)

Internal (cm-1): 6.95(symmetry = 3,dimension = 1), 0.897(1,2), 9.57(1,2)

C,HsOH <> C,H; + OH
Transition State: C,Hs-OH
Critical Energy: 91.8 kcal/mol2

Frequencies (degeneracy): 540,784,975,1138,1175,1366,1440(3),2842,2920,2987,3033,3112,3730°¢

Inactive External Rotation (cm~1): 0.093 (1,2)
Active External Rotation (cm)~1): 0.828 (3,1)
Internal (cm~1): 6.09(1,1), 0.726(1,2), 19.29(1,2)

Ground State: C,H;OH

Frequencies (degeneracy): (263)¢,311,427,801,1040,1067,1104,1242,1270,1320,1391,1456(3),2789(3),3689°

Inactive External Rotation (cm~1): 0.284 (1,2)
Active External Rotation (cm™1): 1.213 (1,1)
Internal (cm—1): 6.46(3,1)

Lennard-Jones Parameters and Molecular Weight

C,HSOH?:
Argone:

Ky = 362.6 K
Ky = 1365 K

o= 453A
o=33A

Molecular Weight = 46.0 g/gmol
Molecular Weight = 39.95 g/gmol

aThis Study. P[33]. ¢[53]. ¢ Replaced low frequency vibration with free internal rotation. ¢[52]. f[80]. 9[32].
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Figure6 Comparison of this study’s rate constants to data
of Tsang [44] and Borisov et a. [5] for the C,H;OH
(+M) <> CH; + CH,OH(+M) reaction at 1 am. This
study’s C,H;OH(+M) < C,H, + H,O(+M) rate constants
a 1 atm aong with Borisov's C,H;OH(+M) <> C,H5 +
OH(+M) reaction kinetics are also included. Note: Tsang's
high pressure limit rate constant [62] for C,H;OH <>
CH; + CH,OH along with thermochemistry [44,65] were
used in the RRKM derivation.

methyl radical [33] and the CH,OH radical [33]. The
transition state vibrational frequencies for the C—O
bond fission reaction were assigned by using the fre-
quencies of the ethyl radical [33] and the hydroxyl
radical [53]. The fragment moments of inertia for ro-
tation normal to the molecular axis were taken from
[33] and [53]. The complete listing of parameters
used in the RRKM/Master Equation calculations
for C,HOH(+M) <> CH,OH + CH4(+M) and
C,H;OH(+M) <> C,H; + OH(+M) are givenin Ta-
blelll.

Particular attention was paid to C,H;OH(+M) <>
CH; + CH,O(+M) since this reaction was found to
be one of the most sensitive reactions under shock tube
conditions in the Egolfopoulos et a. and Nataragjan/
Bhaskaran studies as well as in the present work. The
RRKM calculations were performed by consideration
of three adjustable parameters: (i) the rotational con-
stant for external and internal rotation, (ii) the critical
energy, and (iii) the energy transferred per collision.
A series of MOPAC PM3 [54] calculations were un-
dertaken in order to obtain the geometry of the nearly
separated fragments for the CH;— CH,OH complex at
the top of the centrifugal barrier. These calculations
alowed the rotational constants to be determined
through examination of the Van der Waal repulsions
of the rotating fragments. The CH,OH heat of for-
mation was allowed to vary from —2.1 kcal/mol [55]
to —4.1 kcal/mol [32] when adjusting the critical en-
ergy and fitting the shock tube data. Best agreement
was attained with a heat of formation (at 298 K) value

—2.1 (kcal/mol for CH,OH, and this corresponded

to a fina critica energy value of 86.7 kcal/mal in
the RRKM calculations. The energy transferred per
collision value was determined to be 500 cm™? in
agreement with Tsang's earlier determination of
<AEy,n> for methanol and propane bond fission
decomposition at these temperatures [44,48].

The high and low pressure limit rate constants
along with the Troe parameters obtained from the
RRKM/Master Equation theory calculations for
C,HsOH(+M) <> CH; + CH,OH(+M) are

kiso” = 5.71E23 T-168 exp(—47511 K/T) (s
Kyso® = 3.11E85 T-1884

X exp(—56917 K/T) (cm3/mol/sec)
Feet = 0.5 exp(—T/500 K)
+ 0.5 exp(—T/825 K) + exp(—6100 K/T)

Figure 6 shows a comparison of this study’s
C,H:OH(+M) <> CH; + CH,OH(+M) unimolecular
rate constant at 1 atm with the Borisov [5] and Tsang
[44] 1 am rate expressions in the 1000K < T <
1700 K range. The Borisov rate expression and
Tsang's RRKM evaluation of ethanol decomposition
to methyl and hydroxymethylene differ by approxi-
mately one order of magnitude. This study’s
C,H;OH(+M) <> CH; + CH,OH(+M) rate expres-
sion agrees with Tsang's work to within a factor of
two and agrees with Borisov et al. to within a factor
of five. If the CH,OH heat of formation value at 298
K were to be lowered from the present value of —

kca/mol to —4.1 kcal/mol, then this study’s
C,H;OH(+M) <> CH; + CH,OH(+M) rate con-
stants would nearly lie on top of the Tsang evaluation.
In Figure 7, rate constant comparisons at 2.0 bar are
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Figure7 Comparison of this study’s rate constants at 2.0
bar against data of Herzler, Manion, and Tsang [56] for
C,HsOH(+M) <> CH; + CH,OH(+M) and C,H;OH(+M)
< C,H, + H,O(+M) reactions.
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shown between this study’'s C,H:OH(+M) <>
CH; + CH,OH(+M) rate expression and preliminary
measurements made by Herzler, Manion, and Tsang
[56]. Thisstudy underpredicted the measured rate con-
stants in the 1200—1300 K temperature range by ap-
proximately afactor of three; however, this difference
may be largely attributed to the uncertainty in the mea-
sured rate constants and branching ratio for the
C,HOH(+M) <> CH; + CH,OH(+M) and
C,H:OH(+M) <> C,H, + H,O(+M) reactions. This
study’s C,H;OH(+M) <> CH; + CH,OH(+M) rate
constants are in reasonable accord with Tsang's
RRKM analysis and the recent measurements by Her-
Zler et al. Therefore, the suggested rate parametersare
considered acceptable.

The C,H;OH(+M) <> C,Hs + OH(+M) rate con-
stant calculations were performed in the same man-
ner as described for C,H;OH(+M) <> CH; +
CH,OH(+M). The high and low pressure limit rate
constants along with the Troe parameters obtained
from RRKM/Master Equation theory for C,H-OH
(+M) <> C,Hg + OH(+M) are

Kys” = 1.25E23 T-15% exp(—48317 K/T) (s

K5,° = 3.25E85 T-188
X exp(—57891 K/T) (cm3mol/sec)

Feer = 0.5 exp(—T/300 K) + 0.5 exp(—T/900 K)
+exp(—5000 K/T)

An energy transfer per collision value <AEy,,.> =
500 cm~* was applied in the rate constant analysis.
Additional RRKM/Master Equation theory calcu-
lations were carried out to examine the role of H,O
and H, elimination reactions in the ethanol decom-
position process. The input parameters required for
these calculations are shown in Table IV. The H,0O
and H, elimination reactions are complex fission re-
actions that involve a four-centered transition state.
Benson's rules for transition state frequencies [34]
were applied, and a critical energy was selected to
match the literature reviewed critical and activation
energies. These critical energies are 64.0-67.0 kcal/
mol [57,58] and 91.9 kcal/mol [59,60] respectively for

Table IV Molecular and Transition State Properties Used in RRKM/Master Equation Analysis of the C,H;OH <>
CH,H, + H,0 and C,H;OH <> CH;HCO + H, Decomposition Reactions

C,H;OH <> C,H, + H,O
Transition State: C,H,-H,O
Critical Energy: 64.9 kcal/mol2

Frequencies (degeneracy): 335,400,700(4),1000(2),1150(2),1300,1450(2),2200(2),3100(4),3700°
Inactive External Rotation (cm~1): 0.284 (symmetry = 1,dimension = 2)
Active External Rotation (cm)—1): 1.213 (symmetry = 1,dimension = 1); Optical Isomer = 2

C,HsOH <> CH;HCO + H,
Transition State: CH;HCO-H,
Critical Energy: 91.9 kcal/mol¢

Frequencies (degeneracy): 585,800,1000(2),1150(4),1400,1450(2),2200(2),3100(4)°

Inactive External Rotation (cm~1): 0.284 (1,2)

Active External Rotation (cm~1): 1.213 (1,1); Optical Isomer = 1

Ground State: C,H;OH

Frequencies (degeneracy): 263,311,427,801,1040,1067,1104,1242,1270,1320,1391,1456(3),2789(3) 3689

Inactive External Rotation (cm~%): 0.284 (1,2)

Active External Rotation (cm~2): 1.213 (1,1); Optical Isomer = 1

Lennard-Jones Parameters and Molecular Weight

C,HsOHe:
Argonf:

Ky = 362.6 K
/Ky = 1365 K

o= 453A
o=33A

Molecular Weight = 46.0 g/gmol
Molecular Weight = 39.95 g/gmol

aThis Study and [56,57,58,61]. ®[34]. ¢ Assumed critical energy for C,H;OH <> CH,HCO + H, had same value as CH;OH <> CH,O +

H, [59]. ¢[52]. <[80]. [32].
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H,O and H, elimination from ethanol. A high pressure
limit activation energy for H,O elimination from eth-
anol has been suggested to be 66.0 kcal/mol—66.2
kcal/mol [56,61]. The transition state frequencies for
the C—C-0 and C—C—0 bhends are very low and
uncertain. An initial value of 240 cm~* was used for
the transition state C— C- O bending motion, but this
value was later adjusted upward to 335 cm~1 to obtain
modeling agreement with the ethylene measurements
in thejet-stirred and turbulent flow reactors. This point
will be further discussed in the modeling results of the
jet-stirred and turbulent flow reactors. Likewisefor the
C,H;OH <> CH;HCO + H, decomposition reaction,
the transition state C— C— O bend frequency was ad-
justed upward by the same factor from aninitial value
of 420 cm~* to 585 cm~*. The calculated high and low
pressure rate constants and the associated Troe pa-
rameters using an energy transfer per collision value
of <AE..~> =500cm-t for C,H;OH(+M) <>
C,H, + H,O(+M) are

kizp” = 2.79E13 T°% exp(—33284 K/T) (s%)

Kis,® = 2.57E83 T-1885
X exp(—43509 K/T) (cm3/mol/sec)

ot = 0.3 exp(—T/350 K) + 0.7exp(—T/800 K)
+ exp(—3800 K/T)

The C,H;OH <> C,H, + H,O high pressure limit is
compared to other known data for this reaction as
shown in Figure 8. There is a fair amount of scatter
amongst the derived rate constants. The Tsang [62]
and the Zhitneva and Pshezhetskii [60] rate constants
were derived by examining the rate constants mea-
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Figure 8 Comparison of this study’s high pressure limit
for the C,H;OH < C,H, + H,O reaction against data of
Herzler, Manion, and Tsang [56], Butkovskaya and Setser
[58], Zhitneva et al. [60], and Tsang [62].

sured for analogous reactionsthat eliminate water. The
Tsang and Zhitneva activation energy choices were
higher than those found in the recent Butkovskayaand
Setser [57,58] analysis and the Herzler, Manion, and
Tsang [56] recommendation. Butkovskaya and Setser
performed ab initio and RRKM calculations on etha-
nol and the four-centered dehydration transition state
step using MP2(FC)/6—31G(d) and MP2(Full)/6—
311G(d,p) levels of theory. Their RRKM results were
based on the ab initio data, and the calculated high
pressure limit rate constant is substantially faster than
Tsang and Zhitneva, but in excellent agreement with
Herzler. This study’s high pressure limit isin agree-
ment with the Butkovskaya and Setser study and the
Herzler et al. recommendation. In Figure 7, rate con-
stant comparisons at 2.0 bar are shown between this
study’s C,H;OH(+M) <> C,H, + H,O(+M) rate ex-
pression and measurements made by Herzler, Manion,
and Tsang [56]. The agreement between the two stud-
iesisfairly remarkable, and suggests that this study’s
C,H,OH(+M) <> C,H, + H,O(+M) rate expression
is entirely reasonable.

The multi-parameter rate  expression  for
C,H;OH(+M) <> CH;HCO + H,(+M) was calcu-
lated and shown to be

Kigs® = 7.24E11 TO0%
X exp (—45801 K/T) (s7%)
Kizs® = 4.46E87 T-1942
X exp(—58171 K/T) (cm®/mol/sec)
Feet = 0.1 exp(—T/900K)
+ 0.9 exp(—T/1100 K)
+ exp(—3500 K/T)
<AEgun> = 500 cm?!

A comparison of the high pressure limit rate ex-
pressions for C,H-OH decomposition to CH; +
CH,OH, C,H; + OH, C,H, + H,0, CH;CHOH +
H, C,H,OH + H, and CH;HCO + H, products is
shown in Figure 9. High pressure rate expressions for
C,H;OH decomposition to CH,CHOH + H and
CH,CH,OH + H products were obtained from Tsang
[62] and these pathways are shown to be unimportant.
Interestingly, the ethanol dehydration step was found
to be dominant for temperatures below 1100 K due to
the lower activation energy barrier, while simple
C—C and C—O bond rupture reactions dominate at
the higher temperatures as entropic processes become
important. However, when fall-off considerations at
1.0 atm are taken into account as shown in Figure 6,
the C,H;OH(+M) <> C,H, + H,O(+M) reaction is
the dominant decomposition reaction over
C,H;OH(+M) <> CH; + CH,OH(+M). This is pri-
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Figure9 Comparison of the high pressure limit rate con-
stants for Ethanol decomposition to Products. The rate con-
stants for the C,H,OH + H and CH;CHOH + H product
channels were taken from Tsang [62].

marily due to the lower critical energy found in the
water elimination reaction, which alows for higher
low-pressure limit rate constants to be calculated than
those found in the C— C or C— O bond fission steps.
Ethanol decomposition to CH; + CH,OH is favored
over C,Hg + OH since the C—C bond strength is
weaker than the C—O bond strength by approxi-
mately 5.0 kcal/mol. The molecular elimination of H,
from ethanol is extremely slow as a high energy bar-
rier, and the loss of the C—O internal rotation at the
transition state limitsits rate of decomposition relative
to the other ethanol destruction pathways.

DISCUSSION OF THE NUMERICAL
MODELING RESULTS

Modeling Ignition Delay in Shock Tubes

Natarajan and Bhaskaran were the first researchers to
investigate the ignition of ethanol-oxygen-argon gas
mixtures behind reflected shock waves. Experiments
were performed for the 1300—1700K temperature
range, for pressures of 1.0 and 2.0 atm, and for equiv-
alence ratios of 0.5, 1.0, and 2.0 [2]. In the experi-
mental investigation, the ignition event was identified
by the first visible light emission, whereupon their ex-
perimental ignition delay data were found to be cor-
related by the global expression of 7, = 1.0 X
105 exp(19221 K/T)[C,HsOH]*{O,] °75[Ar] 02,
where 7, IS in seconds, and reactant concentrations
are in mol/cm?.

Dunphy and Simmie [3,20] later investigated eth-
anol ignition behind reflected shock waves over a pa-
rameter space similar to Natargjan and Bhaskaran.
Ethanol and oxygen mixtures diluted in argon were
investigated for equivalence ratios of 0.25-2.0,

pressures of 1.8 to 4.6 bar, and 1100—1900K. In the
experimental study, the ignition event was defined as
the time to maximum emission of 366 nm radiation,
which is attributed to CO, chemiluminescence. The
overall results for ignition delay time were correlated
by the expresson 7max,_,(sec) = 1.0 X 10~
exp(15500 K/T)[C,HsOH] 0315 [O,] ~O-78[ Ar]0-2%9,

The numerical simulations of theignition delay be-
hind reflected shock waves were conducted using the
SENKIN code assuming an adiabatic, constant volume
system. This assumption alows for both the temper-
ature and pressure to increase during reaction. In mod-
eling the Dunphy and Simmie experiments, the theo-
retical ignition delay was defined as the time required
to reach a maximum in the product of the CO and O-
atom concentration ( = TMaX.,_,). This definition
was assumed to be equated with the maximum 366 nm
radiation occurrence in their experiments. The com-
putational results using this definition are shown asthe
solid line in Figures 10—12. The modeling of the Na-
targjan and Bhaskaran experiments is difficult since
the experimental ignition delay was defined asthefirst
visiblelight emission. In modeling their data, the theo-
retical ignition delay was defined in two ways. The
computed ignition delay time was assumed to be either
the maximum in the product CO and O-atom concen-
trations (= max,.,_,) asindicated by the solid line or
when the computed OH concentration reached 2.0 X
10-° mol/cc as indicated by the dashed line in Figures
13-15.

In Figures 10—15, the experimental data of Dun-
phy/Simmie and Natargjan/Bhaskaran are presented
and these data are compared to the numerical com-
putations. The numerical simulations are shown to be
in good agreement with both data sets, especially when
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Figure 10 Comparison between experimental (symbols)
shock tube ignition delay data as investigated by Dunphy
and Simmie [3] and the numerical calculations (lines) using
the chemical kinetic model. Experimental conditions: 1.25%
C,H-OH, 7.50% O,, and 91.25% Argon (equivaence ratio
= 0.5), and 3.3 bar.
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Figure 11 Comparison between experimental (symbols)
shock tube ignition delay data as investigated by Dunphy
and Simmie [3] and the numerical calculations (lines) using
the chemical kinetic model. Experimental conditions: 1.25%
C,HsOH, 3.75% O,, and 95.0% Argon (equivalence ratio =
1.0), and 3.5 bar.

considering the uncertainty associated with the theo-
retical ignition delay definition. The thermal decom-
position of ethanol has been previously suggested as
the most likely initiation reaction for these condi-
tions [63], and was determined to be very important
in this study as noted by the sensitivity analysisresults
shown in Figure 16. Sensitivity analysis was carried
out only for the Dunphy and Simmie data sets since
they are representative of the conditions examined by
Natarajan/Bhaskaran.

Sensitivity analysis was performed by perturbing
the forward and reverse rate constants per reaction by
a factor of two, thereby leaving the thermodynamic
equilibrium constant unaffected. The sensitivity coef-
ficient was then determined by taking the natural log-
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Figure 12 Comparison between experimental (symbols)
shock tube ignition delay data as investigated by Dunphy
and Simmie [3] and the numerical calculations (lines) using
the chemical kinetic model. Experimental conditions: 2.5%
C,HsOH, 3.75% O,, and 93.25% Argon (equivalence ratio
= 2.0), and 3.4 bar.
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Figure 13 Comparison between experimental (symbols)
shock tube ignition delay data as investigated by Natargjan
and Bhaskaran [2] and the numerical calculations (lines) us-
ing the chemical kinetic model. Experimental conditions:
1.43% C,HsOH, 8.57% O,, and 90% Argon (equivalence
ratio = 0.5), and 1.0 = 0.2 and 2.0 = 0.2 atm.

arithm of the ignition delay time, calculated with the
perturbed reaction kinetics divided by the baseline un-
perturbed reaction kinetics, ignition delay time;
whereupon the sensitivity coefficient expression is
represented by

S = —IN (Tyerturbed kinetics! Tunperturbed kinetics)s
T = ignition delay time

If the sensitivity coefficient exhibits a positive value
that would indicate an increasein the overal reactivity
of the chemical system, a negative value would imply
a decrease in the overal reactivity. Large sensitivity
coefficient values indicate a strong influence of the
reaction kinetics on ethanol ignition delay. The sen-
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Figure 14 Comparison between experimental (symbols)
shock tube ignition delay data as investigated by Natarajan
and Bhaskaran [2] and the numerical calculations (lines) us-
ing the chemical kinetic model. Experimental conditions:
2.5% C,H;OH, 7.5% O,, and 90% Argon (equivalenceratio
= 1.0),and 1.0 = 0.2 and 2.0 = 0.2 atm.
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shock tube ignition delay data as investigated by Natargjan
and Bhaskaran [2] and the numerical calculations (solid and
dashed lines) using the chemical kinetic model. Experimen-
tal conditions: 4.0% C,H;OH, 6.0% O,, and 90% Argon
(equivalenceratio = 2.0), and 1.0 = 0.2 and 2.0 = 0.2 atm.
See text.

sitivity analysis study was conducted at ethanol-oxy-
gen equivalence ratios of 0.5, 1.0, and 2.0 at 3.4 bar
and 1429 K. The results are shown in Figure 16. For
the conditions found in the Dunphy and Simmie ex-
periments, the six most sensitivereactionsare, in order
of their peak sensitivity coefficients for max.,_,,

(}) CHsOH(+M) «<— CH; + CH,OH(+M) (130)
(}) CHsOH(+M) «— C,Hg + OH(+M) (131)
({)O+OH«—O0, +H 2
(})CH; + HO,«—CH;O0 + O (27)
(J)HCO+ M«<—H + CO + M (112)
(1)H + HO,«—H, + O, @)

C2H5OH(+M)= =
C2H5+0H(+M) > ==

p==== HCO+M=H+CO+M
HCO+02=CO+HO2

The (1) and (| ) signsindicate whether the factor of
two increase in the reaction rate increases, (1), or
decreases, ( |, ), Tmax,_,. Themost sensitivereaction
ad = 0.5and d = 1.0 isthe well-known branching
reaction H + O, <> OH + O (| ). The relative sen-
sitivity of the other reactions may be understood on
the basis of their effect on the supply of H-atoms to
the branching reaction. This is shown by the H-atom
consuming reaction, H + HO, <> O, + H, (1), and
the H-atom producing reactions, HCO + M <> H +
CO + M (|) and CH,CH,O + M <> CH;HCO +
H+M(]).

The first and second most sensitive reactions, at ®
= 2.0, are the chan initiating steps C,H;OH
(+M) < CH; + CH,OH(+M) (| ) and C,H;OH
(+M) <> C,Hg + OH(+M) (| ). The homolytic scis-
sion of the C—C and C— O bond initiates the radical
pool growth necessary for ignition. This is demon-
strated by the following consecutive reactions,

C,HsOH(+M) <—> CHj + CH,OH(+M)
CH,OH + O, «<—> CH,O + HO,
CH, + HO, «<—> CH,0 + OH 1)
CH,O(+M) «—> CH,O + H(+M)
H+O,«—O0H+0
C,HsOH(+M) <—> C,H + OH(+M)
CHs(+M) < C,H, + H(+M) 2
H+ O,«<—OH + O

H ©=20
] ®=10
®=05

C2H50H(+M)= —

CH3+CH20H(+M)

CH3CH20+M=CH3+CH20+M
& CH3CH20+M=CH3HCO+H+M

i OH+HO2=H20+02
s CH3+HO2=CH4+02

e CH3+HO02=CH30+0H
O0+0H=02+H

H+HO2=H2+02
T ]

-0.2 0.

0 0.2 0.4 0.6 0.8 1.0
Sensitivity Coefficient

Figure 16 First order sensitivity coefficients of the most important reactions for ignition delay of
lean, stoichiometric, and rich ethanol gas mixtures based on the Dunphy and Simmie [3] shock tube
conditions. Nominal pressure of 3.4 bar and temperature of 1429 K.
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Modeling agreement to the Dunphy/Simmie and Na-
targjan/Bhaskaran experimental data sets could not be
achieved without the use of the C,H;OH(+M) <>
CH; + CH,OH(+M) reaction. Interestingly, the
C,H,OH(+M) <> C,H, + H,O(+M) reaction con-
sumed a greater fraction of the ethanol than
C,H:OH(+M) <> CH; + CH,O(+M), yet
C,H;OH(+M) «> C,H, + H,O(+M) alwaysexhibited
a negligible sensitivity coefficient compared to
C,H;OH(+M) <> CH; + CH,OH(+M). This finding
further demonstrates the importance of homolytic scis-
sion of the C—C (and C—0) bond(s) on initiating
the radical pool growth for ignition.

The CH; + HO, <> CH;O + OH (| ) reaction
followed by CH,O decomposition to CH,O + H-atom
isthe main supply route for H-atoms and OH radicals.
The sensitivity shown for this chain propagating re-
action is primarily due to the alternative product path-
way which leads to chain termination, CH; +
HO, <> CH, + O, (1 ). The availability of this alter-
native reaction path makes the rate constants for
CH; + HO, <> CH;0 + OH and CH; + HO, <
CH, + O, important.

The H+ HO,<>H,+0O, (1) and OH +
HO, <> H,O + O, (1) reactions exhibit sensitivity
primarily dueto their influence on the OH radical pool.
The OH radical’s primary role is to oxidize the etha-
nol. The H + HO, <> H, + O, reaction limits the
amount of OH radical produced from the alternative
product pathway, H + HO, <> OH + OH. The chain
terminating nature of this reaction slows the ethanol
destruction rate. The OH + HO, <> H,O + O,

reaction is chain terminating and removes OH from
the radica pool, slowing ethanol oxidation via
C,H;OH + OH <> Products.

Modeling Laminar Burning Velocities in
Freely Propagating Flames

Gulder [17] investigated laminar flame speeds (S,) of
ethanol-air gas mixtures in a constant volume bomb
for awide range of unburned gas pressures (P,), 0.1—
0.8 MPa, unburned gas temperatures (T,), 300—500
K, and equivalence ratios 0.7—1.4. The maximum un-
certainty determined for the measured laminar flame
speeds was +2.0 cm/sec based on the uncertainities
associated in the measured unburned gas mixture tem-
perature (*+3.0 K), unburned gas mixture pressure
(*£1%), and equivalenceratio (+0.015). The 0.1 MPa
experimental data showed the maximum ethanol-air
laminar flame speed occurred around an equivalence
ratio of 1.075 with a value of 47 cm/sec. At elevated
pressures, the ethanol-air laminar speeds decreased
with pressure while exhibiting the following pressure
dependencies with equivalence ratio, S, = S,,«(P)
~01%é for p = 1.0, and S, = S,;&(P) O for ¢ =
1.0, where 300 K and 0.1 MPa are the reference con-
ditions. This study used the laminar flame speed data
acquired at 0.1 and 0.2 MPa for model validation.
Egolfopoulos et a. [4] used the counterflow twin-
flame technique to measure laminar flame speeds at 1
atm pressure, with a temperature range of 363—453K,
and an equivalence ratio range of 0.55—-1.8. They re-
port a maximum uncertainty of =10% to their flame

50,
451 (Gulder, 1982)
40 Pu=0.1l\“:gg?lTu=300K)
35]
30]
25
20
151 v
10 ‘ ‘

.

Y/

Laminar Flame Speed (cm/sec)

P_=0.1MPa, T =300K

P =tatm, Tu=298K/ VoL

Extrapolated Data
(Egolfopoulos et al., 1992) -

0.4 0.6 0.8

1.0 1.2 1.4 1.6
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Figure 17 Comparison between experimental (symbols) laminar flame speeds as a function of
equivalence ratio as investigated by Gulder [17] and the numerical calculations (lines) using the
detailed chemical kinetic model. The extrapolated data of Egolfopoulos et a. [4] is aso shown for
comparison. Model calculations were performed at P, = 0.1 MPaand T, = 300 K.
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Figure 18 Comparison between experimental (symbols) laminar flame speeds as a function of
equivalence ratio as investigated by Gulder [17] and the numerical calculations (lines) using the
detailed chemical kinetic model. Experimental conditions were P, = 0.2 MPaand T,, = 300 K.

speed data. This study used the experimental data ac-
quired at 453 K for model validation.

Figures 17—19 show the comparison of the numer-
ical computations with the experimental data obtained
from the combustion bomb and the counterflow twin
flame. In Figure 17, the extrapolated laminar flame
speed data of Egolfopoulos from flame speed mea-
surements performed at higher unburned gas temper-
atures 363—453K, are also shown for comparison. The
numerical resultsat 0.1 MPashow asdlight flame speed
overprediction of ca. 3.0 cm/sec in the 0.70-0.75

equivalence ratio range, and an underprediction of ca.
2.0 cm/sec in the 1.05-1.15 equivalence ratio range.
Otherwise, very good agreement with the experimen-
tal data is shown at the other equivalence ratios. The
model shows good agreement with the experimental
measurements at 0.2 MPaas shown in Figure 18. The
model is able to correctly predict the location of the
maximum flame speed for unburned gas pressures of
0.1 MPa and 0.2 MPa. Numerical calculations per-
formed for the unburned gas temperature of 453 K and
1 atm is shown in Figure 19. The model predicts the
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Figure 19 Comparison between experimental (symbols) laminar flame speeds as a function of
equivalence ratio as investigated by Egolofopoulos et a. [4] and the numerical calculations (lines)
using the detailed chemical kinetic model. Experimental conditions were P, = 1.0 atmand T, =

453 K.
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laminar flame speeds very well for the 0.55-1.2 and
1.6—1.8 equivalence ratio ranges, but underpredictsthe
measurements in the 1.2—1.6 equivalence ratio range.

Sengitivity analysiswas performed at an unburned gas
temperature of 453 K and 1.0 atm in order to determine
the influence of those chemicd reactions and their as-
sociated kinetic rate constants on the mass burning rate,
M = p,S,, wherep, refersto the density of the unburned
gas mixture. The normalized sensitivity coefficientswere
calculated using the expression, (A,/M)(AM/AA)), where
A; is the pre-exponential factor of the ith kinetic rate
congtant. The results of the senditivity anadysis are pre-
sented in Figure 20. At ¢ = 0.6, CO + OH <>
CO, + H is the mogt sengtive reaction found in lean
ethanol-air freely propagating laminar flames, followed
inorder by H + O,<>OH + O, HCO + M <> H +
CO + M, H + HO, <> OH + OH, CH,HCO <> CH,CO
+ H, and HO, + H <> H, + O,. As the equivalence
ratios become progressively richer, the H + O, <>
OH + O reaction exhibits the greatest sensitivity, while
the CO + OH <> CO, + H reaction decreases dramat-
icaly in sengtivity. The reduction in the CO + OH <>
CO, + H senditivity coefficient is due to agreater num-
ber of reaction intermediates competing effectively for
the OH radical at progressively richer conditions. This
phenomena congtrains H-atom production from this re-
action, and consequently limits its impact on promoting
flame propagetion.

j_ CH2HCO=CH2CO+H
HCO+02=CO+HO2

Sy C2H3+H=C2H2+H2

CO+OH=CO2+H -

The sensitivity analysis results indicate the impor-
tance of H-atom sources and sinkswhen modeling eth-
anol-air laminar flame speeds. Reactions such as CO
+ OH < CO, + H, HCO + M < H + CO + M,
CH,HCO <> CH,CO + H, and C,H, + H(+M) <
C,Hy(+M) exhibit positive sensitivity coefficients,
thereby enhancing the flame speed or the overall re-
activity of the chemical system since they are the pri-
mary producers of H-atoms. The H + O, <> OH +
O and H + HO, <> OH + OH reactions, athough
consumers of H-atoms, also exhibit a positive sensi-
tivity coefficient as they produce reactive OH and O
radicals that are necessary to consume ethanol and its
reaction intermediates. The H + CHy(+M) <>
CH,(+M),CH; + H<>C,H, + H,, and H +
HO, <> H, + O, reactions are chain terminating re-
actions and retard flame speeds by consuming H-at-
oms. The flame propagation is limited by HCO +
O, <> CO + HO,, asthispathway islessreactivethan
formyl radical (HCO) decomposition. Interestingly,
the laminar flame speeds exhibited alack of sensitivity
to the ethanol decomposition reactions even at fuel-
rich conditions, although flame-speed sensitivity in-
creased within the ethylene/vinyl submechanism asre-
flected by C,H; + H <> C,H, + H,, C,H, + H(+M)
<> C,Hy(+M) and C,H; + O, < CH,HCO + O.
This is due to the C,H;OH(+M) <> C,H, + H,O
(+M) reaction.

B ©=06
] ®=1.1
®=1.6

iems H+HO2=0H+OH

=0 G2 H24-H(+M)=C2H3(+M)
= C2H3+02=CH2HCO+0
s HCO+M=H+CO+M
= CH3+HO2=CH30+0H

T imm H+HO2=H2+02

CH3+H(+M)=CH4(+M)

O+0OH=02+H
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-0.20 -0.10 0.00 0.10

0.20

0.30 0.40 0.50

Normalized Sensitivity Coefficients

Figure 20 Normalized first order sensitivity coefficients of the most important reactions on the
mass burning rate of lean, near-stoichiometric and rich ethanol/air flames a P, =

1.0amand T, = 453 K.
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Figure 21 Ethanol—O,—N, (0.3%—0.9%—-98.8%) oxi-

dation in a Jet-Stirred Reactor at & = 1.0, 1.0 atmosphere,

and a nominal temperature of 1056 K. Measurements and

Predictions for C,H;OH, C,H,, CO and CO,.

Modeling Species Concentrations from a
Jet-Stirred Reactor

Aboussi [64] performed ethanol oxidation measure-
ments in an atmospheric jet-stirred reactor. The ex-
perimental conditions covered the 1000—1200 K tem-
perature range, and equivalence ratios of 0.2—2.0 at a
fixed ethanol concentration of 0.3%. Measurements
were taken as a function of residence time for CO,
CO,, CH,, C,H,, C,Hg, CH;HCO, and C,H;OH. The
Aboussi data set was reported later by Dagaut and co-
workersin their ethanol oxidation modeling study [7].
Fair agreement was achieved between the jet-stirred
reactor data and the Dagaut numerical calculations.
However, their model overpredicted the ethylene and
ethane concentrations, and underpredicted carbon di-
oxide.
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Figure 22 Ethanol—O,—N, (0.3%—0.9%—-98.8%) oxi-
dation in a Jet-Stirred Reactor at & = 1.0, 1.0 atmosphere,
and a nomina temperature of 1056 K. Measurements and
Predictions for CH,, CH;HCO, and C,H,. Additional Pre-
dictions shown for Formic Acid (HCOOH) and CH,0.
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Figure 23 Ethanol—O,—H, (0.3%—0.45%—99.25%)
oxidation in a Jet-Stirred Reactor at & = 2.0, 1.0 atmo-
sphere, and anominal temperature of 1070 K. Measurements

and Predictions for C,H;OH, C,H,, CO and CO,.

The ethanol oxidation experimental dataof Aboussi
was used to validate the current chemical kinetic
model by comparing the predicted stable species pro-
files to those measured in the jet-stirred reactor. The
numerical computations were performed at ¢ = 1.0
and ¢ = 2.0, and the results are shown in Figures 21—
24,

In Figure 21, a comparison of the ¢ = 1.0 experi-
mental data against the numerically computed species
concentrations on a mole fraction basis is shown for
C,H-0OH, C,H,, CO, and CO,. The modeling results
show relatively good agreement with the species con-
centrations as the mean residencetimewasvaried. The
calculated profiles for the reaction intermediates of
CH,HCO, C,Hg, CH,, CH,0, and HCOOH (Formic
Acid) are shown in Figure 22. The modeling results
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Figure 24 Ethanol—O,—N, (0.3%—0.45%—99.25%)
oxidation in a Jet-Stirred Reactor at & = 2.0, 1.0 atmo-
sphere, and anominal temperature of 1070 K. Measurements
and Predictions for CH,, CH,HCO, and C,Hs. Additional
Predictions shown for Formic Acid (HCOOH) and CH,0.
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show afairly good representation of the CH;HCO and
C,Hg measurements. The CH,O and HCOOH (Formic
Acid) computed profiles are shown as well, although
these compounds were not measured in the jet-stirred
reactor study. Formaldehyde is predicted to be formed
in abundance, while HCOOH is predicted in small
quantities.

Reaction flux analysis was performed at ¢ = 1.0
to determine theimportant ethanol consumption routes
and the important production routes for the many re-
action intermediates formed. Approximately 47% of
the ethanol consumption flux was controlled by
C,HOH + OH <> Products where  C,H;OH +
OH <> CH,CH,0 + H,O was the dominating ethanol
consumption reaction a 26%. The overdl
C,H;OH + H <> Products reaction consumed 22% of
the ethanol where C,H:OH + H <> CH,CHOH + H,
contributed 12% toward ethanol consumption. The
C,H:OH + O <> Products, C,H;OH + CH; <> Prod-
ucts, and C,H;OH(+M) <> C,H, + H,O(+M) reac-
tions consumed 11%, 9%, and 8% of the ethanal, re-
spectively. Acetaldehyde (CH HCO) is primarily
(70%) formed through the reaction sequences of
C,H:OH + OH <> CH,CHOH + H,O (34%), and
C,H:OH + H <> CH,CHOH + H, (33%), followed
by CH;CHOH + O, <> CH;HCO + HO,, with the
remainder (30%) from C,H;OH + OH <> CH,CH,O
+ H,0 and CH,CH,O + M <> CH,HCO + H + M.
Methane formation involves several participating re-
actions such as CH; + HO, <> CH, + O, (27%),
CH; + H, < CH, + H (14%), CH;HCO + CH; <>
CH,CO + CH, (15%), C,H:OH + CH; <
CH,OH + CH, (10%), and C,HsOH + CH; <>
CH;CHOH + CH, (19%). Ethane is formed exclu-
sively by CH; + CH5(+M) <> C,Hg(+M). Themethyl
radical isanecessary precursor speciesto methaneand
ethane formation and evolves primarily from
CH;CH,O + M < CH; + CH,0 + M (33%),
CH,CO(+M) <> CH; + CO(+M) (21%), and to a
smaller extent, CH,HCO <> CH; + CO (11%), CH,
+ OH <> CH; + H,0 (10%), CH,HCO + OH <> CH,
+ HCOOH (8%), and CH,CO + H <> CH; + CO
(8%). Carbon monoxide is principally produced from
HCO+M<H+ CO+ M (34%) and HCO +
0, <> CO + HO, (28%), and secondarily by
CH,CO(+M) <> CH; + CO(+M) (14%). Carbon di-
oxide production was controlled by the following re-
actions in order of importance: HCCO + O, <> CO,
+ HCO (37%), CO + OH <> CO, + H (36%), and
CO + HO, <> CO, + OH (17%). Ethyleneisformed
by two principal pathways. The reaction sequence of
C,H:OH + OH <> C,H,OH + H,O and C,H,OH <
C,H,OH contributes about 55% to ethylene produc-
tion, and the remander is due to the eth-

anol dehydration step, C,H:OH(+M) <> C,H, +
H,O(+M) (27%), and the reaction sequences
C,HsOH(+M) <> C,H; + OH(+M) and C,Hg
(+M) <> C,H, + H(+M) (4%). Formaldehyde was
predicted to be principally formed from the reaction
sequence of C,H;OH + OH <> CH,CH,O + H,O
and CH,CH,O + M <> CH; + CH,0 + M (43%),
and CH; + HO, <> CH,O + OH followed by
CH,O(+M) <> CH,O + H(+M) (34%). Formic acid
(HCOOH) was predicted to be exclusively produced
from acetaldehyde by the CHSHCO + OH <>
CH; + HCOOH reaction.

The ethylene formation pathways deserve further
comment as previous modeling studies by Norton and
Dryer, and Dagaut and co-workers had easily pre-
dicted their respective ethylene profiles without the
contribution from the ethanol dehydration reaction.
The modeling studies from these research groups had
C,HsOH + OH <> C,H,OH + H,0O and C,H,OH <>
C,H, + OH as the primary reaction sequence leading
to ethylene production. Dagaut overpredicted the
ethylene concentration while using a branching
ratio value of about 040 a 1070 K for
Koo + on < CoHao + Hz0/KeameorH + on < Products: NOItON
and Dryer used a branching value of 0.30 around 1100
K to model the ethylene concentrations seen in their
turbulent flow reactor. Earlier in this study we had
presented an empirical approach for predicting the
branching ratio variation with temperature. A branch-
ing ratio value of approximately 0.17 was obtained
around 1100 K for Ke,igon + on < cotgor + o0 Koveral @
discussed earlier. This value is lower than the values
used in the previous modeling studies, and therefore
the reaction sequence of C,H;OH + OH <> C,H,OH
+ H,0 and C,H,OH <> C,H, + OH could not account
for al the ethylene seen in the Aboussi experiments
as well as the Norton and Dryer ethylene measure-
ments in their turbulent flow reactor. The ethanol de-
hydration reaction was added to the detailed chemical
kinetic model in order to overcome this problem. The
combined effort of detailed chemical kinetic modeling
and using RRKM/Master Equation theory for
CHOH(+M) <« CH, + H,O(+M) and
C,H;OH(+M) <> C,H; + OH(+M) rate constant
calculations were necessary in matching the ethylene
profiles shown in this study.

In Figures 23 and 24, a comparison of the ¢ = 2.0
experimental data against the numerically computed
species concentrations on a mole fraction basis is
shown for C,HsOH, C,H,, CO, CO,, CH;HCO, C,H,
and CH,. The modeling results show relatively good
agreement with the species concentrations, as the
mean residence time varied, athough the CH, concen-
tration was overpredicted. The calculated profiles for
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the reaction intermediates of HCOOH, and CH,O are
also shown in Figure 24. Reaction flux analysis indi-
cated that approximately 36% of the ethanol con-
sumption flux is controlled by C,H;OH + OH <>
Products followed by C,H;OH + H <> Products at
26%, C,H;OH(+M) <> C,H, + H,O(+M) at 16%,
and C,H;OH + CH; <> Products a 10%. The
CH,HCO, C,H¢, C,H,, CH,, CH,O, HCOOH, and CO
reaction intermediates are produced by the same re-
action sequences as discussed for the ¢ = 1.0 case.
However, the ¢ = 2.0 case indicates that 45% of the
ethylene is primarily produced by C,H:OH(+M) <>
C,H, + H,O(+M); the remainder is due to C,H;OH
+ OH < CH,OH + H,0 and C,H;OH + H <
CH,OH + H,, followed by C,H,OH <> CH, +
OH at 42%; and C,H-OH(+M) <> C,H; + OH(+M),
followed by C,Hg(+M) <> C,H, + H(+M) at 11%.

A sensitivity analysis study was conducted for the
purposes of determining the most sensitive reactions
that strongly influence the overall rate of ethanol ox-
idation at stoichiometric and rich conditions. Figures
25 and 26 show the normalized sensitivity coefficients
important to ethanol consumption for the ¢ = 1.0 and
¢ = 2.0 cases. If the sensitivity coefficient exhibits a
positive value or ( | ), that would indicate a decrease
in the overall reactivity of the ethanol oxidation sys-
tem, and a negative value or (1) would imply an in-
creasein the overall reactivity of the ethanol oxidation
system. For the conditions found in the Aboussi ex-
periments, the six most sensitive reactionsto the over-
all rate of ethanol oxidation at stoichiometric and rich
conditions, in order of their peak sensitivity coeffi-
cients, are
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Figure 25 Sensitivity Results for Ethanol—O,—N, oxi-
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Figure 26 Sensitivity Results for Ethanol—O,—N,, oxi-
dation in a Jet-Stirred Reactor for ® = 2.0 case.
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(1) CH,CH,0 + M «—>
CH,CHO + H + M (149)

TheH + O, <> OH + O chain branching reaction
exhibits alarge negative sensitivity coefficient that in-
creases with mean residence time. This is caused by
additional fuel consumption which allows for greater
H-atom generation at longer residence times. The H-
atom sources are HCO + M <> H + CO + M,
CH,CH,O + M <> CH,HCO + H + M, CH,HCO +
M < CH,CO +H + M, CH,O0 + M < CH,0 + H
+ M, and OH + H, <> H,0O + H.

The CH;CH,O decomposition reactions exhibited
alarge positive and negative sensitivity coefficient, as
shown in Figures 25 and 26. The branching ratio for
CH,CH,O decomposition to CH;HCO + H and CH,
+ CH,0 productswaslargely determined by matching
the measured CH,HCO, CH,, and C,H;OH profilesin
the jet-stirred and turbulent flow reactor modeling
study. The rate constant assigned to each reaction was
verified by performing a QRRK analysis on the CH,
+ CH,0 <> CH,CH,0 <> CH,HCO + H reaction net-
work, and the results are shown for 1.0 atm in Table
I. Interestingly, reaction flux analysis indicates
C,H;OH + OH <> CH,CH,O + H,O as one of the
most important ethanol consuming reactions yet this
reaction does not appear as a very sensitive reaction
to the overall ethanol oxidation rate. This finding is a
little misleading in that the sensitivity exhibited by
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C,H;OH + OH <> Productsis largely due to the rad-
ical it produces. In the case of C,H;OH + OH <>
CH,CH,O + H,0, the CH,CH,O radical decomposes
to either CH,HCO + H or CH; + CH,O products.
Each pathway negates the other on their respective af -
fect on the overall ethanol oxidation rate. This would
explain why the C,H;OH + OH <> CH,CH,O +
H,O reaction does not appear to be sensitive. It must
be emphasized that the branching ratios selected for
C,H:OH + OH <> Products are important in deter-
mining the correct product profiles found in the etha-
nol oxidation jet-stirred and flow reactor studies as
well as obtaining the correct overall reactivity exhib-
ited within the chemical system.

The sensitivity analysis results also show the im-
portant influence the HO, radical has on the overall
ethanol oxidation rate. Chain terminating reactions
like CH; + HO, <> CH, + O, and H + HO, <
H, + O, tend to retard the ethanol oxidation process
as they limit radical pool growth. Chain propagating
reactions like CH; + HO, <» CH,0 + OH (followed
by CHO+M<CHO+H+M) and H+
HO, <> OH + OH tend to increase the rate of ethanol
oxidation as these reactions convert the unreactive
HO, radical to a reactive OH radical. The
C,HsOH + HO, «<> CH,CHOH + H,0O, reaction is
shown to be a sensitive reaction at short mean resi-
dence times, although reaction flux analysis indicates
that this reaction contributes no more than 2.0% of the
ethanol consumption flux. The limited amount of eth-
anol conversion at the short residence times favors
HO, production and the chain branching that occurs
through H,O, decomposition. Thisis explained by the
reaction sequence of C,H;OH + HO, <> CH,CHOH +
H,0,, CH,CHOH + O, <> CH;HCO + HO, followed
by H,O, + M < OH + OH + M.

The C,H;OH(+M) <> C,H, + H,O(+M) reaction
exhibitsgreater sensitivity with increasing equivalence
ratio and is shown to be a very sensitive reaction at ¢
= 2.0. Reaction flux analysis shows the ethanol de-
hydration process commands a greater fraction of the
ethanol consumption flux at progressively rich con-
ditions. This finding supports the sensitivity analysis
results.

Modeling Species Concentrations from a
Flow Reactor

Norton and Dryer [6,13] performed an experimental
and modeling study of ethanol oxidation kineticsin a
turbulent flow reactor. They reported experimental
profiles of the stable species concentrations and tem-
peratures for ethanol oxidation at atmospheric pres-

sure, initial temperatures near 1100 K, and the equiv-
alence ratio range of 0.61-1.24. They found
acetaldehyde, ethylene and methane in nearly equal
concentrations as the major reaction intermediatespro-
duced for the experimental conditions examined. Their
chemical kinetic modeling results showed very good
agreement with the experimental data, and they noted
the importance of selecting the proper branching ratios
for reactions involving ethanol with OH and H-atom.

The experimental data of Norton and Dryer were
used to validate the current chemical kinetic model by
comparing the predicted stable species profiles to
those measured during the ethanol oxidation process.
The numerical computations were performed at ¢ =
0.61 and ¢ = 1.24, and the results are shown in Fig-
ures 27-31.

In Figures 27 and 28, a comparison of the experi-
mental data against the numerically computed species
concentrations on a mole percent basis is shown for
C,HsOH, O,, CO, CO,, H,, and H,O. Due to the un-
certainty in the experimental induction time, the nu-
merical results had to be “time shifted” [6] to match
the experimental data at the 50% fuel decay point. The
amount of the shift was approximately 24 milliseconds
for ¢ = 0.61 and 23 milliseconds for ¢ = 1.24. The
results show relatively good agreement. The model
was unabl e to reproduce the ethanol consumption pro-
filefor the ¢ = 0.61 case. The differencein theinitial
slope of the ethanol profile may be due to the reported
uncertainty in the measured temperature profile that

Mole Percent

o 8 16 24 32 40 48
Residence Time (msec)

Figure 27 Comparison between experimental (symbols)
flow reactor oxidation data for ¢ = 0.61 as investigated by
Norton and Dryer [6] and the numerical calculations (lines)
using the detailed chemical kinetic model. The numerical
results were time “ shifted” by ca. —24 msec. Experimental
conditions: 5.65% C,H;OH, 2.786% O,, and 96.649% Ni-
trogen, Reynolds Number = 7140, P = 1 atm., and T, =
1092 K. Numerical simulations shown for C,H;OH, O,, CO,
CO,, H,, and H,0.
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Figure 28 Comparison between experimental (symbols)
flow reactor oxidation data for ¢ = 1.24 as investigated by
Norton and Dryer [6] and the numerical calculations (lines)
using the detailed chemical kinetic model. The numerical
results were time “shifted” by ca.—23 msec. Experimental
conditions: 5.81% C,HsOH, 1.407% O,, and 98.012% Ni-
trogen, Reynolds Number = 4900, P = latm, and T,, =
1100 K. Numerical simulations shown for C,H;OH, O,, CO,
CO,, H,, and H,0.

was estimated to be +10 K. The O,, H,, H,0O, and CO,,
species were shown to befairly well predicted, and the
CO profile was reasonably predicted. The calculated
profiles for the reaction intermediates, CH,, C,H,,
C,H,, C,Hg, CHZHCO, and C;H, are shown in Figures
29-31. The numerical results show afair representa-
tion of the CH;HCO, C,H,, C,H,, C,H,, and C;H, pro-
files, although additional modeling effort would ulti-
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Figure 29 Comparison between experimental (symbols)
flow reactor oxidation data for ¢ = 0.61 as investigated by
Norton and Dryer [6] and the numerical calculations (lines)
using the detailed chemical kinetic model. The numerical
results were time “shifted” by ca. —24 msec. Experimental
conditions: 5.65% C,H;OH, 2.78% O,, and 96.649% Nitro-
gen, Reynolds Number = 7140, P = 1 atm, and T;, = 1092
K. Numerical simulations shown for CH,HCO, C,H,, CH,,
C,Hg, and C,H.,.
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Figure 30 Comparison between experimental (symbols)
flow reactor oxidation data for ¢ = 1.24 as investigated by
Norton and Dryer [6] and the numerical calculations (lines)
using the detailed chemical kinetic model. The numerical
results were time “ shifted” by ca. —23 msec. Experimental
conditions. 5.81% C,H;OH, 1.407% O,, and 98.012% Ni-
trogen, Reynolds Number = 4900, P = 1 atm, and T;,, =
1100 K. Numerical simulations shown for CH;HCO, C,H,,
CH,, C,Hg, and C,H,.

mately yield better agreement than shown in the
figures.

Reaction flux analysis was performed to determine
the important ethanol consumption and production
routes for the many reaction intermediates formed.
Ethanol is primarily consumed by C,H;OH + OH <>
Products and secondarily by C,H:OH + O <>
Products and C,H;OH + H <> Products at the lean
conditions of the turbulent flow reactor. Acetaldehyde
was primarily produced through the reaction sequence

Molar PPM

100 120 140

60 80
Residence Time (msec)

Figure 31 Comparison between experimental (symbols)
flow reactor oxidation data for ¢ = 0.61 and ¢ = 1.24 as
investigated by Norton and Dryer [6] and the numerical cal-
culations (lines) using the detailed chemical kinetic model.
Numerical simulation shown for C;H, (propene).
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of C,HsOH + OH <> CH,CHOH + H,O followed
by CH,CHOH + O, <> CH,HCO + HO,, and sec-
ondarily by C,H;OH + OH <> CH,CH,O + H,O
and CH,CH,O + M <> CH;HCO + H + M. Meth-
ane formation is primarily controlled by CH; +
HO, <> CH, + O,, C,H;OH + CH; <> CH,CHOH +
CH,, and CH;HCO + CH; <> CH; CO + CH,.
Ethane was formed exclusively by CH; + CH,
(+M) <> C,Hy(+M). Ethylene was produced by the
reaction sequence of C,H;OH + OH <> C,H,OH +
H,0 and C,H:OH + H < C,H,OH + H, followed
by C,H,OH <> C,H, + OH, ethanol dehydration, and
C,H:OH(+M) <> C,H; + OH(+M) followed by
C,Hg(+M) <> C,H, + H(+M). Acetylene was pro-
duced by way of the ethylene intermediate compound.
The reaction seguence of C,H, + OH <> C,H; +
H,O, C,H; + O, metathesis to C,H, + HO,, and
C,H3(+M) <> C,H, + H(+M) contributed to the
acetylene formation as measured in the experiment.
Lastly, propene (C;Hg;) was formed by the vinyl
(C,H;) and methyl (CH,) radical combination reac-
tion.

A sensitivity analysis study was conducted for the
purpose of determining the most sensitive reactions
that strongly influence the overall rate of ethanol ox-
idation. The analysis was performed by perturbing the
forward and reverse rate constants for each reaction
by a factor of two, thereby leaving the thermochem-
istry or thermodynamic equilibrium constant within
the chemical reaction unaffected. The sensitivity co-
efficient was then determined by taking the natural
logarithm of the mole fraction of ethanol remaining
after 25 milliseconds of computed oxidation timewith

CH3+CH3(+M)=C2H6(+M)
H+HO2=H2+02

CH3+HO2=CH30+0H
O+0OH=02+H

CH3CH20+M=CH3HCO+H+M
C2H50H+CH3=CH3CHOH+CH4
C2H50H+HO2=CH3CHOH+H202
C2H50H+0H=C2H40H+H20
C2H50H(+M)=C2H4+H20(+M)
C2H50H(+M)=CH3+CH20H(+M)

the perturbed reaction kinetics divided by the baseline
mole fraction of ethanol. The sensitivity coefficient is
expressed as S = —IN(X¢,p.on pertX consor,unper) - 1T the
sensitivity coefficient exhibits a negative value that
would indicate a decrease in the overall reactivity of
the chemical system, and apositive valuewould imply
an increase in the overall reactivity of the chemical
system. Figure 32 shows the results of the sensitivity
analysis performed for the ¢ = 0.61 case. The H +
O, <> OH + O reaction is shown to be the most sen-
sitive reaction to the overall rate of ethanol oxidation
at lean conditions, followed by CH; + HO, <>
CH,O + OH, CH; + HO, <> CH, + O,, CH,CH,O
decomposition to CH; + CH,O and CH;HCO +
H, CH,OH + HO, <> CH,CHOH + H,0,, and
C,H;OH(+M) <> CH; + CH,OH(+M). The H +
O, <> OH + O chain branching reaction affects the
OH and O-atom radical pool, as noted by the large
positive sensitivity coefficient. These reactive radicals
are important to consuming ethanol. The CH; +
HO, <> CH,O + OH reaction enhances the ethanol
oxidation rate and thisislargely due to the conversion
of two unreactive radicals (i.e., CH;, HO,) to two re-
active radicals (i.e., OH, H) through the reaction se-
guence of CH; + HO, <> CH;O + OH followed by
CH,O(+M) <> CH,O + H(+M). The CH;+
HO, <> CH, + O, shows a negative sensitivity coef-
ficient due to the chain terminating nature of the re-
action. The CH;CH,O + M <> CH; + CH,O0 + M
and CH,CH,O + M < CH,HCO + H + M decom-
position reactions exhibit opposing sensitivity coeffi-
cient values. This result shows the role H-atom and
CHj; radicals play in increasing or decreasing the eth-

CH3+HO2=CH4+02

CH3CH20+M=CH3+CH20+M

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
Sensitivity Coefficient

Figure 32 First order sensitivity coefficients of the important reactions affecting the ethanol con-
sumption rate. See text for discussion. Experimental conditions: 5.65% C,H;OH, 2.786% O,, and
96.649% Nitrogen, Reynolds Number = 7140, P = latm, and T, = 1092 K.
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anol consumption rate by its impact on the radical
pool. The C,H;OH + HO, <> CH,CHOH + H,0,
reaction has a fairly large positive sensitivity coeffi-
cient at lean conditions as the conversion of HO, to
H,O, can lead to OH radical production by H,O,
(+M) < OH + OH(+M). However, C,H;OH +
HO, <> CH;CHOH + H,0, does not contribute sig-
nificantly to the ethanol consumption flux in spite of
the sensitivity analysis results. The C,H;OH +
OH <> Products reactions exhibit small sensitivity co-
efficients, although ethanol consumption by OH radi-
calsis very important to ethanol oxidation. The posi-
tive sensitivity coefficients shown for C,H;OH
(+M) < C,H, + H,O(+M) and C,H:OH(+M) <>
CH; + CH,OH(+M) reflect the importance of etha-
nol decomposition at these conditions.

SUMMARY

A chemical kinetic modeling investigation was pre-
sented which successfully reproduced the measure-
ments from five different experimental systems. The
modeling study of ignition delay in shock tubes noted
the importance of the C,H;OH(+M) < CH; +
CH,OH(+M), C,H:OH(+M) <> C,H; + OH(+M)
and O + OH <> O, + H reactions. Ignition delay times
were successfully reproduced when representing the
ethanol decomposition reactions as pseudo-first order
rate expressions using the Troe format for fall-off ki-
netics. The modeling study of laminar flame speedsin
freely propagating flames showed that proper charac-
terization of the H-atom production and consumption
steps, and HCO and CO oxidation kinetics are very
important for proper ethanol-air flame speed predic-
tion. Jet-stirred and turbulent flow reactor modeling of
ethanol oxidation showed the importance of the
C,H;OH + OH <> Products reaction and its branch-
ing ratio selection, and the reaction kinetics for
C,H,OH(+M) <> C,H, + H,O(+M) over a wide
range of equivalence ratios. Sensitivity analysis
showed at all equivalence ratios the relative impor-
tance of the H + O, chain branching reaction;
C,H;OH + OH <> Products, CH,CH,O decomposi-
tion to CH; + CH,O and CH;HCO + H products;
and HO, reactions with CH;, H-atom, and ethanol.
Lastly, an empirical procedure was used to derive the
branching ratios for C,H;OH + OH, C,H;OH + O,
C,H;OH + H, and C,H;OH + CHp;reactionsthat was
instrumental to the success of the high temperature
ethanol oxidation model validation study.

The modeling work was performed under the auspices of the
U.S. Department of Energy by the Lawrence Livermore Na-
tional Laboratory under contract No. W-7405-ENG-48.
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